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Atypical ovarian cycle length in dairy cows: Occurrence and effects on productivity 

and carbon emissions 

 

IX: Abstract 

Enteric fermentation by ruminants contributes to 30% of global livestock greenhouse gas 

(GHG) emissions (FAO, 2018), making ruminants one of the largest contributors per unit of 

feed intake. Dairy production has been cited as a major GHG emitter contributing to climate 

change, however increasing the milk yield (MY) per cow has been successful in increasing 

feed efficiency (FE) and reducing enteric GHG emissions per litre of milk production. This is 

essential in maintaining global warming < 1.5°C up to 2030 and net zero by 2050, however 

the potential associated decline in pregnancy rate (PR) and infertility is a main factor that may 

contribute to GHG emissions, mainly due to the decline in the length of productive life of dairy 

cows. Survey data and modelling has been used to evaluate carbon emissions (CO2-eq.) per 

day of calving interval (CI) greater than 365 d and per percentage increase in dairy herd 

replacement rate (RR). This thesis aims to to evaluate the postpartum ovarian activity to 

classify dairy cows that had typical and atypical ovarian cycle length and evaluate the fertility 

and production data and calculate the impact of the length of the CI and RR on CO2-eq. of 

dairy production from Holstein Friesian (HF) dairy cows. The thesis presents four experiments 

(Expt. 1 to 4) that evaluate the occurrence of atypical postpartum ovarian cycle length (ACL) 

and compare the effect of ACL with typical cycle length (TCL) on fertility using milk 

progesterone (P4) concentrations to assess postpartum (pp) ovarian cycles. This thesis 

compares the effect of ACL on the pp interval (PPI) to conception, CI and PR and RR, and 

apply previous UK estimates of CO2-eq. for each addition day over a CI of 365 d and additional 

percent of RR to compare the effect of ACL and TCL on CO2-eq. in relation to CI, RR, infertility 

and FE.  

 

Expt. 1 set out to collect a large data set from 230 HF dairy cows to estimate the occurrence 

rate of ACL, assess related factors and calculate the effect of ACL on CO2-eq. in relation to 

CI and RR. Cows with ACL (31%) were of a greater parity (P=0.032) and had a greater PPI to 

first progesterone (P4) rise (P<0.001), lower CR to the first insemination (P<0.034), longer PPI 

to conception (P<0.001) and CI (P<0.001), while PR and BCS at parturition did not differ 

between cows that had ACL and TCL. Occurrence of ACLs increased the carbon footprint 

(CO2-eq) produced by additional RR (P<0.001) and a CI above 365 d and 375 d increased the 

CO2-eq. related to CI (P<0.001), and infertility (P<0.001), which was a combined effect on 

CO2-eq. related to additional herd replacements and CI. It was concluded that 31% of high-

yielding dairy cows exhibited ACLs, which increased the PPI to the first insemination, lowered 

the conception to the first insemination, and increased the PPI to conception and CI of dairy 
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cows. Infertility substantially increased the CO2-eq of dairy cows due to cows that had ACLs 

having a longer PPI to first P4 rise, first insemination and conception, which increased the CI. 

However, this need to be considered in relation to other factors such as pp change in BCS, 

MY and FE. 

 

Expt. 2 aimed to assess 49 high MY HF dairy cows to evaluate the occurrence and effect of 

ACL and TCL on MY and FE and found that ACL occurred in 31% of cows and cows that had 

ACL had greater MY and FE than cows with TCL. Cows that had ACL had a greater PPI to 

first progesterone rise (P=0.003) and to conception and CI (P=0.005) at 160 d pp, but not 130 

d pp which showed poor fertility in cows with ACL and TCL at 130 d pp. The CR and PR did 

not differ at 130 d and 160 d pp between cows with ACL and TCL. Dairy cows that exhibited 

ACLs had greater fat and protein corrected milk (FPCM) (P<0.001) and milk protein (MP) yield 

(P<0.001) and were more FE (FPCM P=0.015; MP P=0.002) but had greater CO2 eq. 

emissions mainly due to a greater CI (P= 0.010). Body condition score (BCS) at parturition 

and pp change in BCS did not differ between cows that had ACLs and TCL and were well 

within industry recommendations. It was concluded that the high MY dairy cows in this study 

that exhibit ACL had longer PPI to conception and CI at 160 d pp, which continued not to differ 

and was not related to BCSP and pp change in BCS. Cows with ACL had greater FPCM, MP 

yields, and FE (FPCM and MP yield), while the extended CI increased CO2 eq. of milk 

production, which disagreed with the results found in Expt. 1. However, this study had 

assessed a relatively small data set, especially for evaluating fertility and relationships 

between ACL and other factors such as MY and FE using correlation. The aim going forwards 

was to seek out larger data sets that had assessed milk P4 concentrations to monitor pp 

ovarian activity and use these to assess the effect of ACL and the relationship between ACL 

and other factors that lower CO2 eq. of milk production, such as MY and FE. 

 

Expt. 3 used a data set that had been collected from 88 HF dairy cows based on two differing 

sites that had had pp milk P4 concentrations measured. This data set was used to assess the 

effect of site and previous diet treatment on the occurrence of ACL, neither of which had an 

effect on ACL. The data set was then used to assess the occurrence and effect of ACL on 

fertility and the MY and FE of cows with ACL and TCL. ACL continued to be relatively common 

occurring in 30% of cows and increased ovarian cycle length (P=0.047), postpartum interval 

(PPI) to first milk P4 rise (P<0.001), PPI to the first insemination (P=0.006), and the number 

of inseminations per conception (P=0.002) but had no effect on the CR to first service, PPI to 

conception, PR and CI. Moderate correlations existed between ovarian cycle length and the 

PPI to the first AI, the no. of inseminations/conception, and conception rate. There was no 

difference in MY, and FPCM yields, BCS or LW, and pp change in BCS and LW, DMI, FE, 
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RR, and CO2-eq. related to RR, CI and infertility between cows that had ACL and TCL. 

Correlation analysis showed low strength in the relationship between ovarian cycle length and 

MY, FE and CI or RR. However, cows produced substantial amounts of CO2-eq. due to an 

extended CI and RR, which was highly correlated with RR. It was concluded that the 

occurrence of ACL was relatively common, delaying the PPI first P4 rise and insemination and 

increasing the number of inseminations per conception, which was not related to greater MY, 

pp BCS loss and FE. However dairy cows in this study had substantial amounts of CO2 eq. 

attributed to a greater RR and the provision of herd replacements. The effect of ACL and its 

relationship with MY differed between Expt. 2 and this experiment, with MY and FE being 

greater in cows that had ACL in Expt. 2, but not in this study. A further large-scale study was 

required to assess the effect of ACL on MY and FE, that allowed the relationship between 

factors and assess plasma metabolites that may be related to ACL. 

 

Expt. 4 aimed to use 97 cows from a single site to assess the relationship between ACL and 

MY, FE and CO2-eq. of milk production and elucidate any relationships between ACL and 

plasma metabolites. Cows that had ACL (28.3%) had a longer PPI to first progesterone 

(P<0.001), cycle length (P<0.001) and tended to have a longer PPI to conception and CI 

(P=0.053), while PR and RR did not differ between ACL and TCL at 130 d pp. Cows that 

exhibited ACLs tended (P=0.090) to have greater MY and milk fat concentrations, but FCM, 

FPCM and milk protein yields and FE did not differ from cows that had TCL. Plasma NEFA, 

BHB, insulin, glucose and haptoglobin, body condition score at parturition and pp change in 

BCS did not differ between cows that had ACLs and TCLs and were within industry 

recommendations. Cows with ACL had more addition days over a CI of 365 d (P=0.046), 

related RR (P=0.046) and CO2 eq. related to an extended CI compared with TCL, while RR 

contributed substantially to the CO2 eq. It was concluded that a substantial proportion of cows 

exhibited ACL, which cows tended to have greater MY and was not affected by BCS and 

plasma metabolites and had no effect on ECM, FPCM, milk protein yields and FE. The CO2 

eq. of milk production was increased by extended CI and was associated with higher herd RR.   

 

Overall, it was concluded that ACL occurred in between 28 and 31 % of HF dairy cows and 

ACL increased the PPI to first P4 rise and extended the CI. ACL was not related to body 

condition score (BCS) at parturition and loss of BCS following parturition that were well within 

industry standards of 2.5 to 3.0 and < 0.5 up to 60 d pp (0 to 5-point scale, with 0.25 

increments) respectively. ACL was not related to plasma glucose, insulin, NEFFA and BHB 

concentrations. Cows that had ACL had (Expt. 2) (P<0.001) and tended (P=0.090) (Expt. 3) 

to have higher MY and FE and improvement of DMI during early lactation (first 14 to 24 d of 

lactation) may lower the occurrence of ACL and reduce the PPI to ovarian activity and CI of 
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dairy cows. Increases in the CO2-eq. of milk production were related to ACL and an extended 

CI and greater herd RR. Lowering dairy herd RR shows the greatest potential to reduce CO2-

eq. from milk production.   

 

Keywords: Fertility, Replacement rates, Milk yield, Feed efficiency, Carbon equivalents  
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1.0: Introduction 

Enteric fermentation by ruminants contributes to 30% of global livestock emissions (FAO, 

2018). Ruminants have been one of the largest contributors per unit of feed intake (DEFRA, 

2021). The current world population has been forecast to reach 9.8 billion by 2050 (FAO, 

2020) and the dairy industry needs to continue to provide millions of them with livelihoods 

(OECD-FAO, 2022) and healthy nutrition (Davies et al. 2018; Mottet et al. 2018; ADA, 2019; 

Poppit, 2020), especially for the development and maintenance of strong bones and teeth 

(NHS, 2022). In the next decade, world milk production has been projected to grow faster than 

most other agricultural commodities, at 1.8% p.a., to 1 060 Mt by 2031, through greater 

individual cow milk yield (MY) and the number of dairy cows (1.1% p.a.) in regions with low 

MYs, such as Sub-Saharan Africa and countries such as India and Pakistan (OECD-FAO, 

2022), while the USA, Europe, and UK are forecast to continue to consolidate the number of 

dairy cows and herds while increasing individual MY (Margerison, 2022). Dairy production has 

been cited as a major greenhouse gas (GHG) emitter that contributes to climate change (Caro 

et al. 2014) and life cycle analysis (LCA) has shown that the main determinants of GHG 

emissions in industrialized countries, not considering carbon emissions from land use/land 

use change, is methane (CH4) produced by enteric fermentation in the rumen, along with GHG 

emissions arising from the production, processing, transport, and storage of feed and the 

rearing of replacement animals (Flysjö et al. 2011; Wolf et al. 2017).  

 

Increasing MY per cow has been successful in achieving greater feed efficiency (FE) and the 

dilution by spreading enteric GHG emissions related to maintenance over more litres of MY 

(VandeHaar and St-Pierre, 2006; Capper et al. 2009; Reynolds et al. 2011; Garnsworthy et al. 

2012; Knapp et al. 2014), which is essential in maintaining global warming < 1.5°C up to 2030 

and achieving net zero emissions by 2050 (UN, 2022). However, increased MY per cow has 

however been associated with a decline in fertility (FAO, 2005; Butler, 2003; Royal et al. 2000; 

Moore and Thatcher, 2006; Bello et al. 2012), reductions in the length of productive life (LPL) 

(Knaus, 2009) and greater GHG emissions related to less frequent calving (Bell and Wilson, 

2018) and rearing of replacement animals (Zehetmeier et al. 2014; Bell et al. 2015) and may 

even improve the profitability of milk production (Gröhn and Rajala-Schultz, 2000; Horn et al. 

2012; De Vries, 2017). The effectiveness of this approach is declining (VandeHaar, 1998; 

Reynolds et al. 2011; Ripple et al. 2014; Pickering et al. 2015; VandeHaar et al. 2016). While 

the genetic selection of low CH4 emitting cows can be an effective and sustainable approach 

to reduce GHG emission from dairy cattle (Garnsworthy et al. 2012; Lassen and Difford, 2020) 

there is a lack of consensus regarding the optimal CH4 traits (de Haas et al. 2017; Løvendahl 

et al. 2018) and further reductions in GHG emissions can come from improvements in animal 

health and fertility (Bell and Wilson, 2018) and the application of livestock production systems 
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that lower GHGs from livestock production systems (OECD-FAO, 2022). This requires a 

greater understanding of the factors that enhance livestock, feed, and land use and lower the 

production of GHGs and environmental impact of livestock production.  

 

1.1: Importance of dairy cow fertility and key performance indicators 

Dairy cow selection strategies have achieved greater FE by focusing largely on the Holstein 

Friesian, which had a greater emphasis placed on MY at the expense of other traits such as 

fertility, health, and longevity, raising concerns regarding the resilience and sustainability of 

the industry (Bell and Wilson, 2018; Clay et al. 2020). In terms of poor cow longevity (Bell et 

al. 2010) infertility continues to be the main challenge (Kossaibati and Esslemont, 1997).  

 

Table 1.1: Key performance indicators for all year-round (AYR) calving dairy herds 

Key performance indicators 
Performing well 
(Top 5%) 

Room to improve 
(Top 25%) 

Performance 
reviews 

Pregnancy rate (%) >25 25 to 14 5 to 14 

Age at first calving (mo.) 23 to 24 24 to 27.5 27.5 to 30 

Lifetime milk yield, L/d >19 19 to 12.5 8 to 12.5 

Genetic merit 1, percentile < 5 th 5 th to 50 th > 50 th 

Overheads 2, ppl 7 to 9 9 to 12.5 12.5 to 20 

Milk yield from forage, L 3,000 to 2,000 2,000 to 1,500 1,500 to 1,000 

Milk solids from forage, kg 230 to 150 150 to 115 115 to 70 

Amended from AHDB, 2022: https://ahdb.org.uk/all-year-round-calving-key-performance-indicators 

1 - Production lifetime performance (£PLI) 2 - Excl. rent and finance 

 

Improvements in dairy herd fertility has the potential to lower methane (10 to 11%) and 

ammonia (9%) emissions. Fertility is of great financial and environmental importance to the 

sustainability of the dairy industry because an extended calving interval (CI) has been shown 

to increase GHG emissions by 15 kg of carbon dioxide equivalent (CO2-eq.) / cow and 23 kg 

CO2-eq. / kg milk solids (MS) and cost approx. £2.80 / d for each day over the traditional 

annual 365 d CI, while the culling/replacement rate costs approx. £13.50 / % and increases 

CO2-eq. emissions by 50 kg/cow and 91 kg/kg MS (Bell and Wilson, 2018). Infertility has a 

major effect on the number of heifer replacements required (Garnsworthy, 2004), and the levy-

https://www.sciencedirect.com/science/article/pii/S175173112100135X#b0080
https://ahdb.org.uk/all-year-round-calving-key-performance-indicators
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B3
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funded body in the UK that services the agricultural industry of Great Britain has key 

performance indicators (KPIs) for dairy herds that directly relate to seasonal and all year round 

(AYR) calving (AHDB, 2022) (Table 1.1). In AYR calving herds, the pregnancy rate (PR), age 

at first calving (AFC), and lifetime MY have been important KPIs, which have been directly 

affected by infertility. In seasonal calving systems, milk yields per cow have been lower 

(Margerison, 2022), and considerable focus on ensuring cows calve annually in line with spring 

grass production (Butler and Smith, 1989; Margerison, 2011, 2022) and/or autumn housing. 

This has been achieved by the application of slightly differing KPIs such as PR / ‘in calf‘ rate, 

but at 3 and 6 weeks following the planned start of mating to ensure cows calve over a short 

time period (‘tight block’), while the overall PR is more commonly expressed as an empty (MT) 

rate, describing the potential loss of non-pregnant cows that have been most likely culled, but 

some may be sold from spring into autumn calving herds and very few may be maintained as 

‘carry-overs’ from one year to another (Margerison, 2022).  

 

Milk yield and AFC have been the basis of production lifetime performance (£PLI) (Table 1.1) 

and in the UK AFC has been well above the 22 to 24 mo. recommended (Heinrichs, 1993; 

Hoffman, 1997; Gabler et al. 2000; Margerison and Downey, 2005; Cooke et al. 2013; 

Eastham et al. 2018) at 26.9 (Sherwin et al. 2016) to 29.1 mo. (Eastham et al. 2018) and 

ranges between 24.5 and 31 (Brickell et al. 2009; Ojango and Pollott, 2001; Froidmont et al. 

2013) and 35.9 (Sherwin et al. 2016) to 40.9% of heifers calve for the first time >30 mo. of age 

(Eastham et al. 2018). A greater AFC has been associated with animals laying down body 

condition and having a greater BCS at parturition (BCSP) and calf birth weight increasing 

dystocia, which was followed by more uterine disease and longer pp CI, greater initial, peak, 

and whole lactation MY (Atashi et al. 2021). Lower PR, longevity and lifetime productivity 

(Nilforooshan and Edriss, 2004; Wathes et al. 2014, Zavadilová and Štípková, 2013; 

Adamczyk et al. 2017; Eastham et al. 2018; Zavadilová L and Štípková et al. 2020) has been 

related to a greater AFC. While poor heifer growth rates, due to ill health and inadequate 

nutrition, delay puberty and negatively affect fertility and subsequently increase the AFC 

(Wathes et al. 2018). In dairy production heifer rearing costs represent the second largest 

expense, following feed costs, accounting for approx. 15 to 20% of the total dairy farm costs 

(Boulton et al. 2015), which has been increased by dairy cow culling rates and CI. Lowering 

the AFC has been shown to increase the margin between income from MY and rearing costs 

per heifer by $41.5 (£34.41) for an AFC of 24 mo. and $24 (£19.90) for an AFC of 22 mo. 

(Pirlo et al. 2000) compared with an AFC of 26 mo.of age. Infertility in dairy cows has a 

significant financial impact in all dairy systems affecting MY and income from milk sales (Royal 

et al. 2000; Plaizier, Lissemore, Kelton and King, 2010; Kasimanickam et al. 2014) because 

less regular CI lifetime MY (Royal et al. 2008) generated from a greater number of lactations 
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and proportion of time spent in peak / early lactation (Margerison, 2022). This process begins 

with the involution of the uterus and postpartum interval (PPI) to the resumption ovarian 

cyclicity (Lovendahl and Chagunda, 2010; Walsh et al. 2011), which require follicular growth 

and the development of viable oocytes prior to oestrus and ovulation, followed by fertilisation, 

conception and the implantation, growth, development, and maintenance of a viable foetus 

(Walsh et al. 2011) and disturbances in these can result in poor fertility (Leroy et al. 2008).  

 

1.2: Individual milk yield of dairy cows and fertility 

There have been currently more than 270 million dairy and dual-purpose cows producing milk 

globally, however more than 40% of the total world milk has been produced by high-yielding 

dairy cows in 33 countries (Margerison et al. 2022) focused on increasing the individual MY of 

cows, which has been successful in increasing the economic, feed and environmental 

efficiency of milk production (Knapp et al. 2014) and increased MY per se reduces methane 

emission per unit milk yield (Reynolds et al. 2011), while ensuring dairy food security. Equally, 

the dairy industry in developed countries continues to increase the individual milk yield of dairy 

cows, largely due to the adoption of pure and cross-bred Holstein Friesian genetics and 

concurrent improvements in nutrition (OECD-FAO, 2022). In the UK the number of dairy cows 

and herds continues to decrease, while herd size and individual MY continues to increase 

(Margerison, 2022) and such structural changes have been associated with a decline in fertility 

(FAO, 2005; Butler, 2003; Royal et al. 2000; Moore and Thatcher, 2006; Bello et al. 2012). 

Fertility has been especially challenging for dairy cows because they have been one of the 

few mammals that lactate while becoming pregnant, which creates a direct competitive 

relationship between the priority for nutrients for milk synthesis (Lucy, 2003; Leroy et al. 

2010a) and investment in the reproduction of the next generation (Silvia, 2003) and this 

increases the risk of ovarian dysfunction (Wiltbank et al. 2002; Lopez-Gatius, 2003; Leroy et 

al. 2008). Greater MY has been successful in diluting the nutrient requirements for 

maintenance (Capper and Bauman, 2013) and increasing FE (VandeHaar and St-Pierre, 

2006), which increases the amount of nutrients partitioned towards MY and extends this 

priority beyond early lactation (Leroy et al. 2010a), defined in fertility terms as < 70 d pp (Chiba, 

2009), which coincides with first insemination, conception rate (CR) and PR required to 

achieve regular calving CI associated with greater MY (Royal et al. 2008).  

 

In the USA and UK genetic selection indices for Holstein-Friesian cows historically 

emphasised MY and placed little emphasis on characteristics connected with fitness, such as 

health, fertility and conformation traits that have been related to longevity (Pyman, 2006). An 

extensive amount of literature has shown that cows that have greater MY generally have 

poorer fertility (Spalding et al. 1975; Berget al. 1981; Lean et al. 1989; Butler, 2000; Westwood 
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et al. 2002; Pryce et al. 2004), and that genetic selection for increased MY can reduce fertility 

(Hageman et al. 1991; Buckley et al. 2000; Horan et al. 2005; Pollott and Coffey, 2008; Eggar-

Danner et al. 2015). Greater MY has specifically been found to delay the pp commencement 

of luteal activity (Butler, 2000; Reist et al. 2000; Martin et al. 2015) and PPI to conception, 

lower conception to first service and overall CR and PR, while increasing the services required 

per conception (Castillo-Juhave beenz et al. 2000; Pryce et al. 2004; Inchaisri et al. 2010; 

Andersen et al. 2011). Increases the GHG have been associated with a greater CI (Bell and 

Wilson, 2018) and number of herd replacements required (Zehetmeier et al. 2014; Bell et al. 

2015). 

 

 

Fig 1.1: Changes in milk production (lbs) and pregnancy rate (%) of US Holstein cattle 

over six decades (Brito et al. 2021) data source: Council on Dairy Cattle Breeding website 

(July 2020; www.uscdcb.com) 

 

In 2021 Brito et al. made a direct comparison between MY and PR over a 60-year period (Fig 

1.1) clearly showing the negative genetic correlation between MY and fertility (Lucy, 2001; 

Pryce et al. 2004) until 2002, when inclusion of fertility traits in selection indexes has shown 

an improvement in PR that continue to be lower than those of the late 1960s (Brito et al. 2021). 

http://www.uscdcb.com/
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Lower PR reduces LPL, while increasing culling and GHG emissions associated with rearing 

of replacement animals (Zehetmeier et al. 2014; Bell et al. 2015 Flysjö et al. 2011; Wolf et al. 

2017) and lowering margins from milk production (Horn et al. 2012; De Vries, 2017). This led 

to fertility traits being included in genetic evaluation and selection index programs (VanRaden 

et al. 2004; Huang et al. 2007) and advent of genomic selection that has shown a steady 

improvement in genetic gain for PR (García-Ruiz et al. 2016). Improvements in the 

reproductive performance of dairy cattle continues to be a major priority (Roelofs et al. 2010; 

Fricke et al. 2014; Brito et al. 2021) and a major management criterion for the dairy industry. 

Closer inspection shows greater MY has been associated with a longer PPI to ovarian cyclicity 

and inconsistent oestrous cycle lengths (Lucy, 2003; Friggens and Chagunda, 2005), 

especially when MY accelerates quickly following parturition, elucidated considerable 

metabolic and physiological stressors (Domecq et al. 1997; Ingvarsten et al. 2003; Hansen et 

al. 2005) extending the PPI to conception, compared with a relatively flat and more steeply 

ascending lactation curve that reach peak MY and resumed pp ovarian activity sooner 

(Andersen et al. 2011). In addition to this lower CRs to first insemination < 60 d pp (Inchaisiri 

et al. 2010) occurs prior to peak lactation for cows that have higher MY, which in practical 

terms, led to a delay in first insemination from > 50 d pp to > 60 d pp for higher MY cows 

(Andersen et al. 2011) and a longer CI. 

 

A greater PPI to the resumption of luteal activity and first oestrus has been found in cows with 

higher genetic merit for MY (Pollot and Coffey, 2008). This was related to the association 

between MY and regulation of fertility through the somatotrophic axis (Leroy et al. 2010a) 

related hormones consisting of insulin-like growth factors (IGF -I and -II) and growth hormone 

(GH), along with GH and IGF binding proteins (BPs) 1 to 6, and GH receptors (Garcia-Garcia, 

2012). Both IGF and GH exert stimulatory, synergistic, or permissive effects on the 

hypothalamus pituitary gonadotropin (HPG) axis, reproductive tract and mammary gland 

(Chandrashekar et al. 2004) that affect reproduction, lactation and growth (Lucy, 2012) linked 

to metabolic status. The actions of IGF-I operate at multiple levels on the HPG axis 

coordinating reproduction and exciting the gonadotropin-releasing hormone (GnRH) neurons 

(Daftary and Gore, 2005) affecting the activity of the pituitary (Adam et al. 1998) and 

gonadotropin concentrations (Erickson et al. 1989) linking the reproductive and somatotropic 

neuroendocrine systems (Daftary and Gore, 2005). In terms of reproduction, the localised 

production of IGF-I plays a major role in controlling somatic cell function within the ovary, 

independent of GH, IGF-I and IGF IGFBPs, which have been involved in differing stages of 

follicular development and steroidogenesis (Demeestere et al. 2004, Webb et al. 2004), oocyte 

maturation (Lorenzo et al. 1996) and ovulation (Mazerbourg et al. 2003). Greater insulin, IGF-

1 and leptin concentrations stimulate steroidogenesis and follicular development (Webb et al. 
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1999; Boelhauve et al. 2005; Walsh et al. 2011), along with greater concentrations of IGF-1 

and luteinizing hormone (LH) to enhance follicular development (Lucy, 2000).  

 

1.3: Dystocia, uterine disease, and fertility 

Metritis and endometritis have been major health issues that contribute to suboptimal fertility 

due to the failure to resolve uterine inflammation, lack of interaction between GH and IGF-1, 

severe loss of body condition score (BCS) and failure to resume pp cyclicity due to low plasma 

LH, oestradiol and IGF-1 concentrations (Walsh et al. 2011) (Fig 1.2). The excessive allocation 

of glucose to the mammary gland contributes considerably to peripartal immune dysfunction 

(Habel et al. 2020) and infertility of dairy cows due to metritis, endometritis, pyometra, retained 

foetal membrane (RFM) and non-specific infections of the uterus (Walsh et al. 2011; Deori 

and Arundhati, 2015; Negasee, 2020). While pp pathogenic microbial uterine infections make 

metritis and endometritis more common, increasing infertility (Iain and Sian, 2017). Metritis is 

characterized by an enlarged uterus containing a watery red-brown fluid to viscous off-white 

discharge that may have an unpleasant odour (Abdel et al. 2016), which occurs mostly within 

10 to 14 d pp (Arundhat et al. 2015; Deori and Arundhati, 2015). While endometritis is an 

inflammation of the endometrium, uterus and mucus membranes (Abdullah et al. 2015) 

characterized by an infected discharge from the vulva appearing approx. > 21 d pp (Turk et 

al. 2011; Negasee, 2020) or mucopurulent discharge detectable in the vagina at 26 d pp 

(Abdel et al. 2016). Subclinical endometritis favours bacterial growth and the development of 

metritis and endometritis (MacKay and Miller, 2003; Mounir et al. 2017; Negasee, 2020). A 

BCAP greater than recommended increases the risk of dystocia and incidence of metritis and 

endometritis due to calving trauma and assistance increasing the risk of bacterial 

contamination (Chaffaux et al. 1991; Mounir et al. 2017; Negasee, 2020).  

 

Metabolic disorders, such as hypocalcaemia and ketosis, high BCSP and negative energy 

balance (NEB) increase the incidence of metritis, endometritis and retained placenta 

(Markusfeld, 1987), which has been more common in heifers of an AFC greater and lower 

than the 22 to 24 mo. recommended (Heinrichs, 1993; Hoffman, 1997; Gabler et al. 2000; 

Margerison and Downey, 2005; Cooke et al. 2013; Eastham et al. 2018). The occurrence, 

severity and persistence of uterine infections depend on the degree of bacterial contamination, 

uterine immune capability (Konigsson et al. 2002) and presence of RFM that provide 

substrates for microbial growth (Arundhat et al. 2015).  
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Fig. 1.2: Schematic presentation of the reasons for the major problems contributing to low fertility in dairy cows in the postpartum 

period (Walsh et al. 2011) 
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The associated inflammation reduces the rate of uterine involution, delaying the onset of 

ovarian activity and lowering CR, increasing the inseminations required, PPI to conception 

and cow morbidity, which lowers milk yield (Deori and Arundhati, 2015; Gautam et al. 2009; 

Negasee, 2020). Post-partum metritis was shown to increase the PPI to the first insemination 

by 7.2 d, reduce CR to first insemination by 20% and increasing the PPI to conception by 18.6 

d (Youngquist and Shore, 1997; Smith et al. 2002; Walsh et al. 2011) (Fig 1.2). While clinical 

endometritis increased the PPI to the first insemination by 11 d, delay PPI to conception by 

32 d and cows that had clinical endometritis later, between 20 and 33 d pp, were found to be 

1.7 times more likely to be culled due to infertility (Youngquist and Shore, 1997; LeBlanc et al. 

2014; Negasee, 2020). Clinical metritis and endometritis cause economic losses related to 

delay in the resumption of ovarian activity, increased number of services per conception, 

decreased milk yield, increased treatment costs and cause mortality due to septicaemia 

(Kasimanickam et al. 2014), making them some of the most disruptive diseases in terms of 

dairy cow reproductive performance and profitability (Mounir et al. 2017). 

 

1.4: Postpartum resumption of ovarian function and ovarian cyclicity 

One of the most crucial processes has been the PPI to uterine involution and reestablishment 

of ovarian cycles (Garverick and Smith, 2016). Normally uterine involution involves a decrease 

in the size of the uterine, degeneration and removal of fluids, which has been followed by the 

immediate rejuvenation and epithelialization of the mucosa of the uterus (Thatcher et al. 1984). 

A variety of bacteria have been commonly established in lochia, but have been completely 

absent in some uteri by 60 d pp (Roberts, 1971) and early reports indicate that the cervix 

opens rapidly and decreases in thickness (Morrow et al. 1969) shortly after parturition. 

Fonseca et al. (2010) reported that follicular growth begins rapidly following parturition, while 

ovulation has been delayed pending adequate LH, pulse frequency and amplitude, to generate 

ovulation of the dominant follicle(s).  

 

The physiology of the ovarian cycles was reviewed by Roberts (1971) and typical ovarian 

cycles have been between 18 and 24 d in length (Gaines et al. 1993), which includes ovulation, 

which takes approx. 28 h following oestrus and lasts approx. 10 to 12 h (Morton, 2004) in dairy 

cows. This has been marked with abrupt increase in LH produced from the pituitary gland, 

when the oocyte finds its way into the oviduct following ovulation and the CL has been formed 

(Morton, 2001) inaugurating the intervention of oxytocin and progesterone (P4) (Lucy et al. 

1992). Progesterone concentrations continue to the greater until approx. 16 d following 

ovulation and then declines when the CL relapses (Morton, 2001), which has been induced 

by prostaglandin F2α produced by the inner layer of the uterine wall. Ultrasonic evaluation of 

ovarian anatomy has shown that one or two follicles grow and then degenerate throughout the 
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cycle prior to ovulation (Morton, 2004) and short cycles occur in most (70%), but not all cows 

following first ovulation (Crowe and Mullen, 2013) (Fig 1.3). Delays in PPI to the onset of 

ovarian cyclicity and first oestrus have been noted amongst dairy cows mainly consuming 

pasture in seasonal calving herds and AYR calving herds that have been offered silage and 

concentrate diets (Verkerk et al. 2000; Fonseca et al. 2010; Westwood et al. 2010). 

 

 

Fig 1.3: Resumption of dominant follicles and ovarian cycles during the postpartum 

period in dairy and beef suckler cows not nutritionally stressed (Crowe and Mullen, 

2013, from Crowe, 2008) 

 

The ovary responds directly to metabolic (Chagas et al. 2007) and folliculogenesis has been 

one of the more important events modulated by energy balance (EB) (Garcia-Garcia, 2012) 

and ovarian follicles play a major role in the oestrous cycle, oestrous behaviour, oocyte 

competency and subsequent embryo survival rate, and post-ovulation CL function and 

progesterone synthesis (Diskin et al. 2003). While gonadal function has been regulated by 

pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) and 

these have been all modulated by nutrition (Webb et al. 2004; Garcia-Garcia, 2012). Energy, 
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especially glucose followed by fatty acid oxidation stimulate folliculogenesis (Garcia-Garcia, 

2012), while proteins, vitamins, and other micronutrients play permissive rather than 

regulatory role (Scaramuzzi et al. 2010). This process has been modulated through metabolic 

response to a complex interaction (Scaramuzzi et al. 2006) between insulin-glucose, leptin 

and IGF I and II and IGFBP (Williams et al. 2001; Muñoz-Gutiérrez et al. 2004; Hunter et al. 

2004). These are important mediators in the effect of dietary nutrient intake and/or EB (Diskin 

et al. 2003) and direct effect of nutrition on ovary function depends on IGF-I from liver and 

IGFBP concentrations in addition to a reduction in follicular responsiveness to LH, which has 

been initiated by insulin suppression of follicular oestradiol production to below the 

preovulatory-GnRH surge (Schneider, 2004; Diskin et al. 2003).  

 

1.5: Monitoring ovarian cycles and fertility using milk progesterone concentrations 

A cycle characterized by the recurrent appearance of oestrus or ‘heat’ at approx. of 21 d 

indicates regular ovulation (Pushpakumara et al. 2002) and concomitant increase in oestrus 

behaviour / activity, which has been used in commercial practice to ensure dairy cows have 

been served following ovulation (Roelofs et al. 2010) and potential conception. There have 

been many factors that affect the success of this process, especially in high-yield dairy cows. 

High ambient temperatures adversely affecting the potential success of fertilization (Rutledge, 

Monson, Northey and Leibfried-Rutledge, 1999) lowering CR (55.3%) (Sartori et al. 2002) and 

fertility of dairy cattle throughout the summer season in tropical, subtropical and temperate 

regions (Kastelic and Ginther, 1991; Roth et al. 2001). This has been likely to be due to 

decreased duration and intensity of oestrus behaviour, which interferes with the accurate 

detection of ovulation, especially in higher milk yielding dairy cows that has been exasperated 

during periods of heat stress (Walsh et al. 2011).  

 

Equally poor CR can be due to lower oocyte quality, which has been related to modifications 

in the biochemical composition of follicular fluid lowering glucose, IGF-1 and cholesterol, along 

with higher plasma non-esterified free fatty acids (NEFA) and urea concentrations (Edwards 

et al. 1997) associated with lower feed intake and mobilization BCS. Other environmental 

factors include overall nutrient availability, feeding, housing, season and herd / group size and 

number of cows in oestrus at any one time (Kastelic and Ginther, 1991). The regular evaluation 

of milk progesterone (P4) concentrations have been used to monitor ovarian function following 

parturition (Mann et al. 2005), to successfully identify reproductive cycle related issues, such 

as the resumption of PPI luteal activity, inter-ovulatory intervals, PPI luteal and intergluteal 

intervals (Opsomer et al. 1998; Royal et al. 2000; Sauer et al. 2004), pregnancy and calculate 

PR (Bulman and Lamming, 1979) but has limited effect on PR, potentially due to variation in 

P4 concentrations and small number of animals involved (Adriaens et al. 2018). Circulating 
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maternal progesterone concentrations being the main hormone associated with the uterine 

environment and early embryonic development (Adriaens et al. 2017) (Fig 1.3). Milk P4 

concentrations can be used to identify long pp even in the absence of oestrus, with or without 

pathological symptoms such as vaginal discharge and the recurrent abnormal oestrous activity 

commonly associated with cystic follicles (Lamming and Darwash, 1998; Royal et al. 2000), 

persistence of the carpus luteum (CL) and late embryo mortality (Lamming and Darwash, 

1998). The application of regular monitoring of milk P4 concentrations has been applied to 

evaluate potential causes of poor reproductive performance and synchronization of ovulation 

and artificial insemination (AI), which can improve reproductive management and fertility of 

dairy cows (Bruinjé et al. 2019). The historical evaluation of P4 concentrations, prior to and 

following insemination, can be used to calculate reproductive efficiency and the economic 

implications of infertility on productivity including CI and MY (Lamming and Darwash, 1998).  

 

 

Fig. 1.4: Schematic depiction of the pattern of secretion of progesterone, FSH, LH, 

PGF2α, and oestradiol (estradiol) during the oestrous cycle in cattle (Toledo-Alvarado et 

al. 2018) (Dioestrus (Diestrus): High-progesterone (diestrus-HP) ranging from −10 to −4 d;  

Proestrus: ranging from −3 to −1 d;  Oestrus at d 0;  Metoestrus from 1 to 2 d;  Dioestrus: 

increasing-progesterone (dioestrus-IP) 3 to 10) 
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The incidence of cycle related issues was found to be low, the animals affected showed 

significantly impaired reproductive function (Mann et al. 2005) that has considerable potential 

impact on culling and replacement rates. Involuntary culling due to infertility, related to failure 

to conceive and other fertility-related issues, has been one of the most common causes of 

removal of cows from dairy herds, followed by mastitis / high somatic cell count and lameness 

(Gardner et al. 1990; Miller and Dorn, 1990, Forbes 2000). These forced culling events upto 

the ≈ 20% may leave little opportunity to select other production-related traits and improve 

herd genetics without increasing the economic and environmental cost of herd replacement 

(Margerison, 2022). Unfortunately, CI has progressively increased (Hare et al. 2006) and 

average UK CI for Holstein–Friesian cows has been reported at 428 d (75th quartile 463 and 

90th decile 546 d) (Gates 2013) and culling of pregnant animals increases when herds have 

longer CIs (Parkinson, 2019). A regular annual 365 d CI is especially important for regular 

seasonal calving, while greater CI may be more appropriate (375 d) when greater individual 

cow MY (>9,000 l/cow/year) (Margerison, 2022). However, greater CI, AFC and infertility 

related culling all increase the number of replacement livestock required to produce the same 

amount of MY, which has been detrimental to economic and environmental sustainability of 

dairy production (Margerison, 2022). 

 

Typical ovarian activity occurs in approx. 60% of dairy cows, while atypical cycles have been 

found to be common in the remaining 40% of the dairy cow population, which typically includes 

delayed commencement of luteal activity (Petersson et al. 2006; Windig et al. 2008; Cutullic 

et al. 2011). While between 13 to 30% of the variation in ovarian cyclicity has been related to 

genetics and genetically negatively correlated with MY (Veerkamp et al. 2000; Royal et al. 

2002b; Petersson et al. 2007). Holstein Friesians show more abnormal cyclicity compared with 

some other breeds, such as Jersey, especially in terms of delayed PPI to first ovulation 

(Petersson et al. 2006; Cutullic et al. 2011; Piccand et al. 2013), however, the deleterious 

effect of high genetic merit for MY on cyclicity is complex (Horan et al. 2004; Pollott and Coffey, 

2008; Windig et al. 2008) and has been related to body condition score, health and nutrition.  

 

1.6: Monitoring oestrus activity 

The basic physiology of the ovarian cycles and oestrus were reviewed by Roberts (1971) and 

oestrus was defined as the period within the ovarian cycle when the cow has been sexually 

receptive, which takes place over a relatively short period of 7 (Hurnik, King and Robertson, 

1975) to 12 h period (Morton, 2004; Mária et al. 2018; Parkinson, 2019) while some studies 

found no effect of MY on oestrus behaviour (Lyimo et al. 2000; Van Eerdenburg et al. 2002) 

some studies show a negative effect of greater MY on activity (López-Gatius, 2005), standing 

https://www.sciencedirect.com/science/article/pii/S0022030215005573#bib0120
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to be mounted and total time standing (López et al. 2004; Rivera et al. 2010) and variation in 

the total number of mounts per oestrus has been noted to exist between individual cows (Xu 

et al. 2010). Using activity monitoring technology, it has been shown that the start of oestrus-

related behaviour was 6 h before and 3 h following the start of an activity cluster recorded by 

Heatime® (SCR Engineers Ltd, Netanya, Israel) activity monitors (Aungier et al. 2015). This 

acceleration technology can be attached to the neck collar or in an ear tag of individual cows 

(Madureira et al. 2015; Gaillard et al. 2016), which continuously measures horizontal 

acceleration that has been related to upward movements of head and neck during walking 

and mounting behaviour (Reith et al. 2014). This data stored at 1 and 2 h intervals (Reith et 

al. 2014; Madureira et al. 2015; Gaillard et al. 2016) and used to calculate a daily activity index 

(Silper et al. 2015). These are interpreted, using algorithms based on deviations from typical 

activity patterns, to separate days that have increased activity associated with oestrous 

behaviour, which has been automatically transferred via an antenna to herd management 

software to provide graphs and lists that facilitate the identification of the reproductive, 

rumination and health status of individual cows (Reith et al. 2014). The percentage of correctly 

alerted oestrus using accelerometer systems range between 71 (Valenza et al. 2012) and 

90% (Aungier et al. 2015), while detection rates did not differ between accelerometer systems 

and heat mount detectors (71% v. 66%, respectively), verifying accelerometer systems have 

been a useful tool in the detection of oestrus and improvement of dairy cow fertility (Valenza 

et al. 2012) by achieving a more effective alignment between oestrous and insemination 

because the longer semen dwells within the oviduct prior to ovulation lowers the chances of 

fertilization (Dalton et al. 2001).  

 

1.7: Conception and establishment, recognition, and maintenance of pregnancy 

In dairy cows, approx. 30 h following the onset of oestrus (Robinson 1979, Roelofs et al. 2005) 

fertilization occurs while the oocyte travels approx. one third of the way down the uterus, which 

has remained remarkably constant despite reductions in oestrus behaviour and prolonged 

interval between the onset of oestrus and ovulation (Bloch et al. 2006). The highest CR rates 

occur when insemination has been completed from the middle to the end of standing oestrus, 

i.e., 8 to 13 h prior to ovulation (Saacke et al. 2000, Nebel et al. 2000; Parkinson, 2019), which 

in practice equates to cows that have been observed in oestrus in the morning being submitted 

for AI in the afternoon and cows observed in oestrus during the afternoon being submitted for 

AI the following morning (Parkinson, 2019), while Nebel et al. (2000) suggested that, if the 

time of onset of oestrus has been not precisely known, insemination should take place within 

6 hours of the initial observation of oestrus. Gordon (1999) reported that fertilization occurs in 

the oviduct following the deposition of sperm in the uterus, requiring 6 to 8 h for an adequate 

population of semen to reach the oviduct and result in potential fertilization (Nebel, Dransfield, 

https://www.sciencedirect.com/science/article/pii/S0022030215005573#bib0105
https://www.sciencedirect.com/science/article/pii/S0022030215005573#bib0165
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref2
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref23
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref14
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref29
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref29
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref23
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref14
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref39
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref29
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref43
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref2
https://www.sciencedirect.com/science/article/pii/S1751731117001975#ref43
https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/insemination
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Jobst and Bame, 2000) and followed fertilization the conceptus (Hubbert, 1972) travels down 

the oviduct and arrives at the uterus 72 to 84 h later (Gordon, 1999).  

 

The CL has been retained by the existence of the conceptus and without implantation the CL 

will persist for approx. 16 d due to prostaglandin F2α excretion from the endometrium (Morton, 

2001; Spencer et al. 2013; Arosh et al. 2015) and Thatcher et al. (1984) show that this was 

critical for the maintenance of pregnancy, which occurs, at least in part, this was due to 

biochemical signals from the conceptus (Arosh et al. 2015; Sanchez et al 2018). In the 

ruminants, maternal recognition of pregnancy has been mediated by conceptus-derived 

trophoblastic interferon-τ (IFNτ) (Fig 1.5), which inhibits the release of oxytocin that has been 

driven luteolytic pulses of prostaglandin PGF2alpha (PGF2α) from the epithelial cells of the 

endometrium and stimulates the production of prostaglandin E2 (PGE2) (dinoprostone) from 

the stromal cells that has luteo-protective effects (Antoniazzi et al. 2013; Kumawat et al. 2022). 

Moreover, intra-luteal prostaglandin biosynthesis and signalling have been selectively directed 

towards PGE2 during the establishment of pregnancy, but towards PGF2α during luteolysis 

(Lee et al. 2012).  

 

 

Fig. 1.5: Schematic presentation of the most important factors affecting the 

establishment of pregnancy in dairy cows (Walsh et al. 2011) 
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The attachment of the placenta to the uterine wall begins at approx. 20 d following conception 

(Vanroose, de Kruif and Van Soom, 2000), followed by elongation (Dorniak et al. 2011) while 

the growth rate of the foetus (> 45 d, Hubbert, 1972) has been most prolific up until 240 d in 

dairy cows and this then slows and parturition occurs at approx. 282 d of gestation (Nadarajah 

et al. 1989; Garverick and Smith, 2016) unless high MY  prolongs gestation (Silva et al. 1992) 

or gestation has been shortened by sire selection (248 to 279 d) (Nogalski et al. 2012) or 

higher summer temperatures (McClintock et al. 2003). The conceptus can be lost prior to 

parturition and considerable damage can occur within 16 to 18 d following implantation in beef 

and lactating dairy cows (Roche, Bolandl and McGeady, 1981; Diskin and Morris, 2008) while 

loss of the foetus at >56 d of pregnancy has been less common (Forar, Gay and Hancock, 

1995), however, both longer and shorter gestation periods contribute to a higher number of 

stillbirths (Norman et al. 2009). 

 

An inadequate supply of nutrients, specifically but not limited to energy, can restrict foetal 

growth due to an adverse intrauterine environment, but preserves the development of vital 

organs, despite an overall reduction foetal body size and weight in pigs (Pond et al. 1992), 

rats (Simmons et al. 1993). While the majority of research was completed in mid- and late-

gestation (Hough et al. 1990; McGee et al. 2006; Taylor et al. 2016) and the umbilical cord 

diameter and crown-rump length in relation to thoracic diameter of beef cattle were affected 

as early as 39 d of gestation, which followed by compensatory / preferential foetal growth in 

response to greater nutrient availability (Gonzalez et al. 2013; Micke et al. 2010). 

Undernutrition, overnutrition and supplementation of the dam affects the development of the 

components of the HPG within the offspring (Rhind, 2004), including the sensitivity of GnRH 

and Kiss1r mRNA expression that has been established during the early neonatal period 

(Iwasa et al. 2010). Maternal nutrition has been found to have no effect on the MY, BCS and 

fertility of offspring during the first lactation (Banos et al. 2007), which indicates the biological 

importance of nutrition and metabolic status, which has a greater direct effect on MY of the 

dam than longer-term effect of maternal nutrition on the MY of the offspring (Bach, 2011).  

 

1.8: Body condition score at parturition and fertility 

Reproductive abnormalities have been more common in dairy cows that have been above 

target BCSP (>3.0), which has been potentially mediated by pituitary insulin signalling 

(Brothers et al. 2010; Sagae et al. 2012) affecting oocyte development (Purcell and Moley, 

2011; Yang et al. 2012). While greater body fat increases leptin concentrations, which act on 

the hypothalamus stimulating GnRH and gonadotropin secretion (Yu et al. 1997; McCann et 

al. 1998) directly inhibiting ovarian steroidogenesis (Spicer, 2001; Kendall et al. 2004) leading 

to a decrease in oestradiol secretion (Spicer and Francisco, 1997). Resistin, an adipokine, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4092919/#b17-ajas-25-1-22-3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4092919/#b11-ajas-25-1-22-3
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expressed in bovine ovaries can inhibit steroidogenesis and follicular development (Spicer et 

al. 2011) by modulating granulose cells functions in the basal state or in response to IGF-I in 

vitro (Maillard et al. (2011) and adiponectins reduce GnRH secretion (Cheng et al. 2011) and 

inhibit GH and LH release (Rodriguez-Pacheco et al. (2007) that stimulate steroidogenesis by 

granulosa cells in the ovary (Monget et al. 2008). Plasma leptin concentrations have been 

increased by body fat deposits, lowering oocyte maturation (Craig et al. 2004), follicle rupture 

and corpus luteum formation (Ruiz-Cortés et al. 2003), embryo implantation and 

establishment of pregnancy (Craig et al. 2004).  

 

The EB has been not directly measurable on farm, and it has been monitored through BCS 

(Roche et al. 2009; Friggens et al. 2010), which gives a good indication of body fat reserves 

(Domecq et al. 1997; Garnsworthy, 2006; Roche et al. 2009; Berry et al. 2021) and labile 

protein. Energy balance can be estimated based on body weight and BCS (NRC, 2001; Banos, 

et al. 2006) or based on the differences between energy intake and energy requirements for 

maintenance, milk production and fertility (Patton et al. 2007; Aguilar-Perez et al. 2009), 

however BCS has been used as a proxy measure that has been a quick on farm assessment 

that can be completed regularly and applied to specific groups of cows at differing stages of 

production and/or compared with target BCS (Table 1.2), to estimate EB and NEB by 

physiological change in BCS. This approach was first proposed by Lowman et al. in 1973, 

adapting a BCS system for beef cattle and the effect of BCS parturition on MY, reproduction, 

health and welfare and 5 and 10-point scales have been applied (Edmonson et al. 1989; 

Garnsworthy, 2006; Roche et al. 2009). In the UK a 5-point (1: Thin; 5: Fat) scale that has 

recently been refined from 0.5 to 0.25 increments (Ishler et al. 2016) (AHDB, 2020) can be 

compared with recommended BCS targets for dairy cows at partition, 60 d pp, 100 d prior to 

and at drying off (Table 1.2) to manage the nutrition, fertility, health and MY of dairy cows.   

 

Table 1.2: Recommended body condition score and change in body condition score for 

dairy cows in Great Britain 

Stage of lactation Target BCS Stage of lactation Max change in BCS 

Parturition 2.5 to 3.0 0 to 60 d pp - 0 to 0.5 

60 d post-partum 2.0 to 2.5 60 to 100 d pp + 0 to 0.5 

100 d prior to drying off 2.5 to 3.0 Late lactation + 0 to 0.5 

At drying off 2.5 to 3.0 Dry period 0 

Amended from AHDB, 2020 and 22 https://ahdb.org.uk/knowledge-library/body-condition-

scoring-flow-chart 

https://ahdb.org.uk/knowledge-library/body-condition-scoring-flow-chart
https://ahdb.org.uk/knowledge-library/body-condition-scoring-flow-chart
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The BCS of dairy cows at partition has been managed in late lactation or dry period of cows 

dried off before 305 d pp (Margerison 2022) and during the final three weeks prepartum, 

‘transition cows’ have been offered diets that meet energy requirements for maintenance of 

the cow and foetal growth (Grummer, 2007) avoiding BCS gain. Dairy cow nutrition during the 

transition period, from appro. 3 prior to and 3 weeks pp, has been characterized by a period 

when dairy cattle respond to the metabolic challenges of late pregnancy and early lactation 

(Bell, 1995) and good nutritional strategies and cow management during this period can lower 

metabolic disorders, improve pp DMI, MY, EB and fertility (De Veth et al. 2009) and PR of 

dairy cows by <30 % (DeGaris et al. 2010 a, b). Dairy cows that have a higher than 

recommended BCS at parturition (3.5) have a greater risk of retained placenta and/or metritis 

(Markusfeld et al. 1997), twice as likely to develop ketosis (Reid et al. 1986) and at 2 to 4 times 

more likely to suffer ketosis in the following lactation (Rasmussen et al. 1999) and metabolic 

disorders (Acosta-Martinez, 2011). Moreover, leptin is a 16 kD protein, which is synthesized 

primarily by adipose tissue (Garcia-Garcia, 2012) and it modulates a range of biological 

functions, including reproduction and energy homeostasis (Barb et al. 1999; Clarke and Henry, 

1999).  

 

The amount of body fat directly affects plasma concentrations of leptin (McGregor et al. 1996), 

which has a potent effect on satiety (Campfield et al. 1995) and considerable feed intake, via 

the neuroendocrine-axis (Cervero et al. 2006) and has been a key link between nutrition, 

metabolic status and reproduction (Clarke and Henry, 1999). Dairy cows that have been over 

conditioned at parturition have a greater frequency of abnormal cyclicity patterns (Cutullic et 

al. 2012; Bedere et al. 2016) and body condition per se and body condition loss influence 

commencement of luteal activity, while MY per se does not, however the occurrence of 

prolonged luteal phase may be related to MY (Royal et al. 2002b; Kafi et al. 2012) due to the 

biological effect of MY on BCS experimental outcomes maybe confounded by these factors. 

Finally, dairy cows that have a BCS at parturition (BCSP) lower than industry target (Table 

1.2) suffer a greater incidence of metritis (Schroder and Staufenbiel, 2006; Daros et al. 2019) 

have longer PPIs to the commencement of ovarian activity (Roche et al. 2007), lower CR to 

first service (Lopez-Gatius et al. 2003; Bedere et al. 2018), longer PPI to conception (and CI) 

and lower PR (Schroder and Staufenbiel, 2006; Daros et al. 2019). Both low BCS at calving 

and/or high amounts of BCS mobilization during early lactation increase the risk of a delay in 

the commencement of luteal activity (Cutullic et al. 2012; Bedere et al. 2016). 

 

https://www.journalofdairyscience.org/article/S0022-0302(15)00423-3/fulltext#bib0015
https://www.journalofdairyscience.org/article/S0022-0302(15)00423-3/fulltext#bib0060
https://www.journalofdairyscience.org/article/S0022-0302(15)00423-3/fulltext#bib0065
https://www.journalofdairyscience.org/article/S0022-0302(15)00423-3/fulltext#bib0070
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B24
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B26
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B25
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1.9: Postpartum change in body condition score and fertility 

Dairy cows mobilise BCS during early lactation to sustain MY (Pires et al. 2013; McCabe and 

Boerman, 2020) and BCS reserves at parturition affect subsequent MY and composition 

(Schroder and Staufenbiel, 2006; Pries et al, 2013) and peripartum changes in BCS directly 

affect the productivity, health, and reproductive performance of dairy cows (Garnsworthy, 

2006; Souissi and Bouraoui, 2019). Dairy cows have been genetically predisposed to lose 

BCS pp and small amounts of BCS loss have been unlikely to have a dramatic effect on MY  

and fertility (Pryce et al. 2001; Friggens et al. 2004; Garnsworthy, 2006), however, higher 

yielding dairy cows, that have greater metabolic demands and those that have a BCSP above 

industry standard (3.0 to 3.5) (Markusfeld, Ezra and Galon, 1997) typically mobilize more BCS 

to support MY due to the greater limitations of pp DMI (Drackley and Reynolds, 2021; 

Margerison, 2022) and experience a greater NEB compared with cows in optimum BCSP (2.5 

to 3.0) at parturition (Gwazdauskas, Wilcox and Thatcher, 2010) (Table 1.2). Dairy cows that 

have a BCS loss < 0.5 return to pp ovarian activity and first ovulation within 30 d of parturition, 

whereas cows that have greater pp BCS loss (> 0.5 BCS) during early lactation (< 70 d pp) 

have lower CR and longer CI (Pryce et al. 2001; Garnsworthy, 2006; Patton et al. 2007). Cows 

that lose > 0.5 to 1.0 points of BCS have PPIs to ovulation 6 d longer, while cows that had 

BCS loss > 1.0 points ovulated 20 d later at 50 d pp (Butler, 2005), when service may 

commence. Cows that lose > 0.5 BCS pp have lower CR (Collard et al. 2000; Pryce et al. 

2001; Garnsworthy, 2006; Patton et al. 2007), which has been reduced by 10% per 0.5 loss 

in BCS pp (Butler, 2005) and a pp loss of >1.0 BCS extends the PPI to conception by 11 d 

compared with cows that lost 0 and 0.5 of BCS pp (Lopez-Gatius et al. 2003). 

 

The effect of NEB and pp BCS loss > 0.5 on fertility has been related to lactational anoestrus 

delaying the onset of ovarian activity and oocyte quality, which lowers CR, and these have 

been mediated through endocrine regulation that changes lipogenesis to lipolysis during late 

gestation and early lactation and this reduces insulin secretion (Garcia-Carcia, 2012). These 

metabolic signals control EB link reproduction to plasma concentrations of insulin (Wallace, 

1996) IGF-I (Rhind et al. 1998) and leptin (Mantzoros et al. 1996; Hardie et al. 1996) 

concentrations decrease when BCS decreases during periods of NEB due to periods of lower 

feed intake or when nutrient requirement outstrip nutrient intake and mobilization of BCS 

occurs (Garcia-Garcia, 2012), which occurs during early lactation of dairy cows and growing 

heifers suffering severe undernutrition, interfering with normal oestrous cycles and alter 

endocrine function (Short and Bellows, 1971; Houseknecht et al. 1988). The related plasma 

metabolite concentrations (Glucose, beta-hydroxy-butyrate (BHB), urea) modulate hormone 

input into the GnRH neurones and control GnRH release, which provides the appropriate 

stimulation of the ovaries (5) (Fig 1.6). In later lactation, post peak MY and/or when nutrient 

https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B8
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B6
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intake increases when feed intake and nutritional status improves and BCS increases and 

concentrations of insulin (Wallace, 1996), IGF-I (Rhind et al. 1998), and leptin (Mantzoros et 

al. 1996; Hardie et al. 1996) decrease and this improves conception rate.  

 

Fig. 1.6: Schematic representation of mechanisms through which nutrient intake and 

adipose tissue affect reproductive function (Garcia-Garcia, 2012) 

 

Insulin and IGF-I may be mediators between BCS and ovarian follicle development, ovulation 

and embryo development (Chagas et al. 2007) and nutritionally induced changes in the 

ovarian IGF system play a key role in regulating oocyte quality (Nakae et al. 2001) and 

conception. Insulin has been a modulator of the metabolic stimulus, rather than a mediator 

between the level of internal energy and central effectors (Schneider, 2004). The common 

signalling pathway for IGF-I receptor and insulin receptors (IR) that operate via insulin receptor 

substrate (IRS) proteins (Nakae et al. 2003; Kim and Accili, 2002), which regulate fertility by 

directly affecting ovarian function (Scaramuzzi et al. 2006; Garnsworthy et al. 2008). The local 

production of IGF-I plays an important role in the intricate paracrine control of function of 

different types of somatic cells in the ovary independently of GH (Garcia-Garcia, 2012) and 



40 

 

IGF-1 and IGFBPs participate by means of various mechanisms in different stages of follicular 

development, follicular steroidogenesis (Demeestere et al. 2004, Webb et al. 2004) and oocyte 

maturation (Lorenzo et al. 1996) and ovulation (Mazerbourg et al. 2003). Normal 

concentrations of adipokines are fundamental in the maintenance of the integrity of HPG axis, 

regular ovulatory processes, successful embryo implantation and pregnancy (Tersigni et al 

2011). Equally there are multiple levels of the HPG axis where IGF-I can coordinate 

reproduction, which is because IGF-I acts as a direct regulator of GnRH neuron, usually 

exciting the HPG axis (Daftary and Gore, 2005) via actions in the pituitary (Adam et al. 1998) 

and gonadal levels (Erickson et al. 1989). This indicates the potential link that IGF-I plays 

between the reproductive and somatotropic neuroendocrine systems (Daftary and Gore, 

2005).  

 

1.10: Postpartum and early lactation feed intake and fertility 

During early lactation a lower than maximum feed intake provides an inadequate nutrient 

supply to meet the requirements for maintenance and all the production requirements of dairy 

cows (Friggens et al. 2010; Walsh et al. 2011; Margerison, 2022) inducing undernutrition, 

which can have a negative effect on ovarian follicle development (Alexander et al. 2007), 

ovulation (Yan et al. 2008), blastocyst formation (Borowczyk et al. 2006), and fertility rates 

(Evans and Anderson, 2012). Long (chronic) and short term (acute) undernutrition suppress 

gonadotrophin-releasing hormone (GnRH) secretion, inhibiting or delaying the preovulatory 

pulsatile peak release of LH and lowers plasma oestradiol-17β  (Boland et al. 2001; Rhind et 

al. 1989), while increasing progesterone concentrations (Kiyma et al. 2004). This altered 

endocrine function interferes with the occurrence of typical / normal oestrous cycles 

(Houseknecht et al. 1998; Short and Bellows, 1999) (Fig 1.7).  

 

Leptin concentrations have been equally sensitive to short-term alterations in feed intake and 

energy balance (EB) (Cunningham et al. 1999; Marie et al. 2001) and the ability to increase 

energy oxidation (Schneider, 2004), which affects glucose homeostasis and the action of 

insulin. Leptin impairs insulin sensitivity (Monget et al. 2008) and insulin stimulates the 

secretion of leptin by adipocytes and promotes lipogenesis (Poretsky et al. 1999), linking 

nutrition and reproduction through the influence of GnRH neuron activity (Tena-Sempere, 

2007; Israel et al. 2012) and the promotion of GnRH function via an indirect action on 

kisspeptin neurons (Tena-Sempere et al. 2006; Quennell et al. 2011). Equally, serum ghrelin 

levels have been influenced by both short- and long-term changes in energy homeostasis (i.e., 

with glucose, insulin, and somatostatin levels) (Muccioli et al. 2011) and signal starvation or 

energy insufficiency and limiting reproductive function though a complex mode of action on 
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the gonadotropic axis, inhibiting hypothalamus GnRH-induced gonadotropin secretion and 

stimulation of basal LH and FSH secretion (García et al. 2007). 

 

 

Fig. 1.7: Feedback-regulation systems that control the reproductive axis (shaded is A) 

and the somatotropic axis (shaded is B) interact at several levels and thus link 

nutritional and metabolic inputs into the reproductive process (Chegas et al. 2007) Note 

omissions and rational: Follicle stimulating hormone (FSH) from the reproductive axis, because it does 

not appear to limit dairy cow fertility; Thyroid and adrenocortical axes, because these have been 

regulated by their own feedback loops in the brain-pituitary system, intimately linked with lactation, 

respond to metabolic inputs, affect the reproductive and somatotropic systems, so they introduce inputs 

from stressors such as high ambient temperature, disease, and the antagonistic interactions associated 

with establishment of social dominance; Sex-steroid feedback, positive feedback for induction of the 

preovulatory surge) 

 

The effect of NEB on MY and fertility have been demonstrated both genotypically and 

phenotypically (Veerkamp, 1998; Westwood et al. 2000; Pryce et al. 2004) and it occurs when 
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DMI cannot meet nutrient requirements for MY during early lactation (Mackey et al. 2007; 

Patton et al. 2007). Feed intake has been the primary factor eliciting the effect of EB on 

reproduction (Patton et al. 2007). Ghrelin has been involved in a wide spectrum of biological 

functions, including GH secretion and regulation of EB, and exhibits diverse array of effects 

that include glucose metabolism, secretions and motility of the gastrointestinal tract (Lorenzi 

et al. 2009), regulating energy homeostasis, which promotes DMI (Korbonits et al. 2004) and 

provides the central nervous system information regarding EB and maintenance of 

homeostasis (Hidekitamura et al. 2000; Nakazato et al. 2001; Hattori et al. 2001). Moreover, 

feed intake has been a principal factor that affects fertility (Webb et al. 2004; Robinson et al. 

2006; Ashworth et al. 2009) amongst other factors, which include BCS (Roche et al. 2009), 

MY and milk composition (Friggens et al. 2007), metabolite and hormone concentrations 

(McDougall et al. 2005). Feed intake has been reported to account for approx. 50% of MY 

response to animal selection in addition to the mobilization of BCS to provide nutrients to 

support milk synthesis (Veerkamp, 1998) and reproduction. A recent study showed that 

variation in bovine myostatin genes between differing Holstein Friesian, Jersey and cross 

breeds increased the amount of unsaturated and lowering the saturated fatty acid 

concentrations in milk, but no assessment of its effect on fertility was undertaken (Haruna et 

al. 2020), however this may contribute to genetic differences in BCS mobilization. 

 

1.11: Dietary and endogenous energy balance 

At parturition the initiation of lactation and the increased demand for nutrients for corpus MY, 

combined with lower than maximum feed intake, providing inadequate amounts of nutrients 

for dairy cows to meet the requirements for maintenance of the body and production 

requirements (Friggens et al. 2010; Walsh et al. 2011; Mäntysaari et al. 2012, 2019; 

Margerison, 2022). The mobilisation of nutrients from body tissue due to NEB has been 

considered an adaptive mechanism that occurs naturally and managed effectively may not be 

affected fertility (Drackley et al. 2005; Friggens et al. 2010), however metabolism associated 

with the deposition and mobilization of body fat and protein lowers FE (Drackley and Reynolds, 

2021). In dairy cows NEB begins a few days prior to parturition and extends from 10 to 12 

(Butler, 2003) and 17 weeks pp (Garnsworthy, 2007), with the nadir occurring at approx. 14 d 

pp (Butler, 2003) and this can negatively effects on ovarian activity (Diskin et al. 2003; 

Friggens and Chagunda, 2005; Chagas et al. 2007; Leroy, et al. 2008; Aguilar-Perez et al. 

2009) lowering CR (Butler, 2005) and increasing the PPI to conception (Domecq et al. 1997; 

Lopez-Gatius et al. 2003; Mäntysaari et al. 2022) increasing infertility (Westwood et al. 2002; 

Buckley et al. 2003) due to an inadequate nutrient supply that negatively affects follicular 

growth, conception and pregnancy recognition (Murphy et al. 1991; Diskin et al. 2003; 

McDougall et al. 2005; Aguilar-Perez et al. 2009).  

https://pubmed.ncbi.nlm.nih.gov/?term=Haruna%20IL%5BAuthor%5D
https://www.sciencedirect.com/science/article/pii/S0022030222003514#bib22
https://www.sciencedirect.com/science/article/pii/S0022030222003514#bib24
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B6
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Fig. 1.8: Schematic summary of the effect of energy shortage / negative energy balance 

(NEB) on fertility through the effect on the liver, ovaries and uterus (Nigussie, 2018) 

 

The physiological mechanisms that link these responses with nutrition include reproductive 

hormones, growth factors and other metabolites (Webb et al. 2004) that affect an array of 

chemical messages and metabolic processes involved in the maintenance of EB and 

reproductive process influenced by the HPG axis (Schneider, 2004). The potential effect of 

nutrition, in dairy cows and heifers, on ovarian function includes the synthesis and release of 

GnRH via the hypothalamus; FSH by the anterior pituitary; and LH and GH that regulates 

follicle growth and steroid synthesis at the ovarian level (Prunier and Quesnel, 2000). In 

addition, GH facilitates reproduction (Lucy et al. 1999) by indirectly affecting changes in the 

metabolism of nutrients, affecting insulin sensitivity, IGF-I and IGFBP concentrations 

(Ramaley and Phares, 1980) that influence the ovary due to the cascading of growth factors 

and binding proteins (Diskin et al. 2003; Prunier and Quesnel, 2000) (Figure 1.7 and 1. 8). 

The IGFBPs have been involved in controlling the availability of locally produced IGF-II to 

ovarian follicles (Webb et al. 2003) and IGFBP-2 and IGFBP-4 concentrations actively modify 

follicles in direct response to changes in diet (Armstrong et al. 2003). During periods of 

undernutrition (Fenwick et al. 2008) and/or severe NEB plasma concentrations of IGFBP have 

been low (Llewellyn et al. 2007) and this limits the availability of IGF to follicular cells, reducing 

the proliferation follicular cells and steroidogenesis (Webb et al. 1999). Clearly the link 
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between nutrient supply and reproductive system has been controlled via hormonal regulation 

via the hypothalamus, anterior pituitary, and ovaries, with the ovaries and hypothalamus 

releasing hormones that regulate the production of gonadotrophins, which regulate oestrous 

behaviour and appetite, and sense nutrient availability and somatotrophin inhibit GnRH and 

subsequent LH production reducing follicular development (Walsh et al. 2011).  

 

The growth and development of ovarian follicles are influenced by NEFA and insulin, IGF-1 

and leptin concentrations (Lucy, 2000; Leroy et al. 2010a) among other factors. Negative 

energy balance (NEB) has been associated with low plasma IGF-1 and LH (Lucy, 2000), 

insulin, IGF-1 and leptin concentrations (Wathes et al. 2007; Lucy, 2008; Wathes, 2012) and 

greater plasma NEFA concentrations, directly related to BCS loss, has been associated with 

poor follicular growth (Vanholderet al. 2006; Walsh et al. 2011; Garcia-Garcia, 2012). Greater 

MY can place the cow in NEB during early lactation and while GH stimulates IGF-1 production 

in the liver (Jones and Clemmons, 1995), NEB renders the liver less receptive to IGF-1 due to 

the downregulation (Donaghy and Baxter, 1996) of the GH receptors (Vicinal et al. 1991) 

defined as “growth hormone resistance”. An inability to meet the nutrient requirements affect 

gonadotropin excretion involved in the sustenance of follicular growth and ovulation (Zulu et 

al. 2002), which include plasma IGF-1 concentrations (Pell, Saunders and Gilmour, 1993; 

Walsh et al. 2011) that stimulate follicular growth and maintain regular ovarian cyclicity and 

results in dairy cattle that have plasma IGF-1 concentrations > 50 ng/ml at first insemination 

being five times more likely to conceive (Taylor et al. 2004), due to EB and the requirements 

of a gravid uterus as well as the additional demand for glucose, fatty acids and protein for milk 

synthesis (Leroy et al. 2008; Bauman et al. 2013; Drackley and Reynolds, 2021) in lactating 

cows. 

 

1.12: Nutrient intake, feed efficiency and fertility 

Nutrition has been a key environmental factor affecting the growth rate, puberty and AFC 

(Margerison and Downey, 2005), MY, FE (Reynolds et al. 2011) and fertility of dairy cows 

(Canfield et al. 1990; Burke and Roche, 2007; Chagas et al. 2008). Higher milk yields require 

diets of a greater energy concentration that contain a greater proportion of concentrates, which 

lowers dietary NDF concentration and methane emissions (Yan et al. 2000; Yates et al. 2000). 

However, greater MY response to concentrate supplementation has been associated with 

poorer dairy cow health and fertility (Dillon et al. 2006) and postpartum nutrient intake affects 

a range of reproductive functions, due to its effect on the production of hormones related to 

folliculogenesis, fertilization and early embryonic development (Boland et al. 2005; Armstrong 

et al. 2004; Boland and Lonergan, 2005). These processes are known to be energetically 

demanding (Garcia-Garcia, 2012) and the brain (Fig 1.8) is instrumental in tempering fertility 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0020
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0015
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0025
https://www.sciencedirect.com/science/article/pii/S0377840103003043?via%3Dihub#BIB24
https://www.sciencedirect.com/science/article/pii/S0377840103003043?via%3Dihub#BIB25
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to reflect nutrient availability (Scaramuzzi et al. 2006; Evans and Anderson, 2012) and initiate 

reproductive function when adequate nutrients have been made available (Cameron and 

Nosbisch, 1991; Casanueva and Dieguez, 1999; Schneider, 2004). Glucose is very important 

mediator of nutritional effects on reproduction (Omari et al. 2020) and plasma concentrations 

have been inversely correlated with energy (Yelich et al. 1996) and its transport is facilitated 

by glucose transporters (GLUTs) involved in hypothalamic regulation (Wang et al. 2012) that 

influence LH secretion through GnRH system (Bucholtz et al. 1996; Roland and Moenter, 

2011; Garcia-Garcia, 2012). Alterations in glucose transport and metabolism indicate an 

interaction between glucose metabolism and GLUTs that affect foetal development in the 

preimplantation embryo (Leppens-Luisier et al. 2001) and the earliest stages of foetal 

development (Purcell and Moley, 2009). During such periods of lower feed and/or nutrient 

intake and NEB reduce plasma concentrations of insulin (Vizcarra et al. 1998) and reduce 

androgen and oestradiol production (Scaramuzzi et al. 1999) compromising the ability of 

follicles to acquire LH receptors (Diskin et al. 2003) and respond to LH pulses that increasing 

the occurrence of atypical cycles.  

 

The glucose demand of dairy cows increases rapidly as corpus milk production is initiated at 

partition, while dry matter intake (DMI) has been lower than maximum during early lactation 

and unable to meet the glucose requirements and greater hepatic gluconeogenesis and lower 

glucose oxidation by peripheral tissues allow more glucose to be supplied to the mammary 

gland to synthesis lactose (Linzell, 1972; Reynolds et al. 2003; Larsen and Kristensen, 2013; 

Habel et al. 2022) as well as for nicotinamide adenine dinucleotide phosphate reduction during 

the synthesis of milk fatty acids and milk proteins (Bauman and Griinari, 2003; Liu et al. 2013) 

and pancreas to supply insulin to the ovary. Recent study shows that glucose balance of dairy 

cows was close to zero (3.2 ± 13.5 mol C) in the first week of lactation cows were at risk of 

substantial shortages of glucose for maintenance, potentially affecting fertility (Habel et al. 

2022). Feed intake and glucose balance highlight the metabolic association between limited 

glucose availability during the pp period, when mammary and immune cells simultaneously 

impose great demands in addition to uterine reformation and other stressors associated with, 

e.g., calving and animal regrouping (Sundrum, 2015; Habel and Sundrum, 2020; Habel et al. 

2022).  

 

The main substrates affecting hepatic gluconeogenesis in ruminants have been propionate 

from ruminal fermentation, lactate from lactic acid cycling, amino acids (AA) from muscle 

catabolism and glycerol from adipose tissue lipolysis that have been prominent during early 

lactation (Drackley and Reynolds, 2021; Habel et al. 2022) . Plasma glucose has been derived 

from hepatic gluconeogenesis of propionate from ruminal fermentation, lactate from lactic acid 
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cycling and AA from muscle catabolism and glycerol from adipose tissue lipolysis, which has 

been particularly prominent during early lactation (Drackley and Reynolds, 2021) and the 

metabolites from the diet and intermediary metabolism serve as precursors. Propionate, which 

has been produced from long-chain carbohydrates by rumen bacteria, has been a major 

glucogenic precursor, supplying between 40 and 90% of total glucose carbon for 

gluconeogenesis (Larsen and Kristensen, 2009; Aschenbach et al. 2020; Habel et al. 2022). 

These outcomes demonstrate the importance of monitoring and managing BCS of dairy cattle, 

specifically pre- and pp BCS, to achieve appropriate target BCSP, NEB and change in BCS 

during early lactation to minimize the effect on fertility and ‘carry-over’ effects on MY 

throughout lactation (Garnsworthy et al. 2007; Roche et al. 2009; Wall and McFadden, 2007; 

Bernier-Dodier et al. 2010; Murney et al. 2015; Torledo et al. 2020).  

 

Fig. 1.9: Weekly mean supply (■) and demand (■) for glucogenic carbon and glucose 

balance (□) of high milk-yielding dairy cows between parturition and 105 d pp (Habel et 

al. 2022) Note: Supply of digestive and endogenous precursors; Demand by the mammary 

gland, protein tissue, red blood cells and the brain.  

 

Other precursors from the digestion of feedstuffs encompass glucogenic amino-acids and L-

lactate, which are synthesized by rumen microbes (Drackley and Reynolds, 2021), particularly 

when the diet contains a large proportion of starch (concentrates) (Aschenbach et al. 2020; 

Habel et al. 2022), lowering acetate:propionate ratio. The availability of these exogenous 

precursors of gluconeogenesis depends on the rate of transfer from the ruminal and 

duodenum to the portal vein because propionate has been modified when it has been 

metabolised within the rumen epithelium (Kristensen and Harmon, 2009; Nozière et al. 2010), 

while AA can be metabolised as an energy source throughout the digestive tract (Lapierre and 

Lobley, 2001; Berthiaume et al. 2001; Habel et al. 2022). Glucose absorption has been limited 

https://www.sciencedirect.com/science/article/pii/S0022030214008030#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030214008030#bib0015
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even in dairy cows offered high (starch) concentrate diets, primarily by the rate of starch 

hydrolysis in the gut (Huntington et al. 2006; Reynolds et al. 2014; Mills et al. 2017). In addition 

to the utilization of luminal glucose within the duodenal epithelium, the portal-drained viscera 

may use 0.3 to 2.2 g/d/kgBW of glucose from arterial supply (El-Kadi et al. 2008; Lapierre et 

al. 2010). These affect mammalian oocytes and blastocysts that use glucose a major 

metabolic substrate and deficiencies due to NEB compromise the ability of the oocytes to 

reach the second metaphase (Domiko and First, 1997) lowering oocyte maturation and 

embryo viability (Purcell and Moley, 2009; Wang et al. 2012) contributing to the occurrence of 

atypical ovarian cycles.  

 

The higher yielding dairy herds require higher energy dense diets that include more cereal-

based concentrate feeds (Eastridge, 2006), which decrease methane emissions per cow by 

decreased as proportion of forage in the diet (Yan et al. 2000). However, imported 

concentrated feeds have a higher carbon footprint compared with home-grown forage 

(Thomassen et al. 2008), while the quality of forages is extremely important in increasing FE 

(Drackly and Reynolds, 2021). Energy balance, protein, starch, fat and fatty acid content of 

the diet affect reproductive competence (Boken et al. 2005; Chagas et al. 2007; Garnsworthy 

et al. 2008 a, b, c, d; Aguilar-Perez et al. 2009). A meta-regression, showed that increasing 

ME supply (MJ/d) was associated with shorter PPI to conception, whereas greater differences 

between ME supply and requirements for milk production was associated with longer PPI to 

conception (Table 3), with a reduction of 10 MJ/d in negative ME balance predicted to shorten 

the PPI to conception by 2.87 d (Rodney et al. 2018). Interestingly, milk protein yield which 

has been greater from a lower acetate : propionate ratio in very early lactation (< 21 d pp) has 

been positively associated with CR to first service (Rodney et al. 2016), and others identified 

positive associations between milk protein concentrations and improved reproductive 

performance (Buckley et al. 2003; Madouasse et al. 2010; Morton et al. 2016), which may be 

due to greater propionic acid, glucose and AA availability. Short-term changes in diet 

composition and supplementation affect also affect the follicle size, oocyte maturation, embryo 

survival and regularity of ovarian cycles following parturition (Bossis et al. 1999; Webb et al. 

2004; Adamiak et al. 2005; Robinson et al. 2006; Aguillar-Perez et al. 2009). These affect the 

efficiency of the reproductive process and fertility both directly and indirectly (Lucy, 2003; 

Garnsworthy et al. 2009) though increases in plasma insulin and IGF-I concentrations (Gong 

et al. 2002), which affect gonadotrophin concentrations and stimulation of follicular growth, 

while suppressing cell apoptosis in ovarian follicles (Jorritsma et al. 2003; Williams et al. 2003; 

Monget and Martin, 1997). Plasma IGF-I concentrations are not easily modified (Wientjes et 

al. 2012), but they can be modulated by increasing dietary carbohydrate supply, but are not 

https://www.sciencedirect.com/science/article/pii/S0377840103003043?via%3Dihub#BIB24
https://els-jbs-prod-cdn.jbs.elsevierhealth.com/cms/asset/27ed8526-b28e-49a0-96c5-50c8cc866f12/si3.gif
https://www.journalofdairyscience.org/article/S0022-0302(18)30291-1/fulltext#bib85
https://www.journalofdairyscience.org/article/S0022-0302(18)30291-1/fulltext#bib14
https://www.journalofdairyscience.org/article/S0022-0302(18)30291-1/fulltext#bib63
https://www.journalofdairyscience.org/article/S0022-0302(18)30291-1/fulltext#bib70
https://www.sciencedirect.com/science/article/pii/S0377840103003043?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0377840103003043?via%3Dihub#BIB7
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affected by fatty acid supplementation (Garnsworthy et al. 2008b). However, the exact insulin 

profile required to achieve high follicle quality and uniformity is unknown (Wientjes et al. 2012).  

 

The inclusion of greater amounts of dietary starch enhances the ruminal fermentability of 

starch usually resulting in increased plasma insulin concentrations, which mediates recoupling 

of the GH/IGF-1 axis (Butler et al. 2003) and has been important for follicle development and 

ovulation as demonstrated by Gong et al. (2002) when offered cows of low- and high-genetic 

merit iso-energetic diets that differed in the ability to induce high or low plasma insulin 

concentrations. However, the evaluation of the effect on nutrition in different experiments can 

be confounded by changes in MY, composition and changes in BCS and a systematic review 

by Rodney et al. (2018) identified 39 studies, that used starch, fats/oils, protein and AA, 

minerals that were evaluated, and four multivariable models were used to estimate the effect 

of the diet and production variables on CR and PPI to conception, and subsequent CI. 

Increases in dietary starch or energy density tended to increase PPI to conception, although 

this occurred in only three experiments and the results in each were variable (Figure 1.10) 

(Rodney et al. 2018). The use of high-starch diets reduces the length of the PPI to first pp 

ovulation and resulted in a greater proportion of cows having oestrous cycles within the first 

50 d pp, however responses were inconsistent (Garnsworthy et al. 2009) and while higher 

starch diets increase plasma insulin concentrations, excessive amounts of readily fermentable 

starch can lower DMI and offset any potential benefits of dietary manipulation on ovarian 

function. The supplementation of fat in dairy cows diets has been a common strategy to 

increase the energy density of diets and lower the negative effects of NEB (Palmquist and 

Jenkins, 2017; Bionaz et al. 2020), which has been effective provided that the DMI and rumen 

function have been not lowered by fatty acid (FA) isomers that depress milk fat (Chamberlain 

and DePeters, 2017, 2017; de Souza and Lock, 2019; Manriquez et al. 2019) and the 

beneficial effect has been related to the type of FA type than greater energy intake (Herrera-

Camacho et al. 2011). Improvements in reproductive and immune function associated with 

PUFA from n-3 (α-linolenic acid, ALA; eicosapentaenoic acid, EPA; docosapentaenoic 

acid, DPA; and docosahexaenoic acid, DHA) and n-6 (linoleic acid, LA; and arachidonic acid) 

have receives more research (Moallem, 2018; Moallem et al. 2020) and more recent work 

showed that pp rumen-protected linseed oil intake and plasma n-3 PUFA concentrations 

modulated adiponectin expression and improved reproductive parameters (Pereira et al. 

2022).  

 

In terms of dietary strategies such as supplemental fats/oils have more consistently decreased 

methane per kg feed DMI and often increase MY (Beauchemin and Grainger, 2011), but in 

this case, the effects on MY have been through mechanisms independent from the effects on 

https://www.journalofdairyscience.org/article/S0022-0302(18)30291-1/fulltext#gr1
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib54
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib54
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib7
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib16
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib39
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib29
https://www.journalofdairyscience.org/article/S0022-0302(21)00945-0/fulltext#bib29
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methane emissions. Other ways that improving feed efficiency may decrease methane output 

per unit of milk produced relate to increasing rates of nutrient passage through the rumen, 

shifting site of digestion from the rumen to the intestine, feeding supplemental fat/oil, or 

reducing heat production by the animal by alterations in metabolism that result in greater MY 

(Drackley and Reynolds, 2021). Methane production has been related more to the populations 

of hydrogen producing bacteria (Wallace et al. 2017). During the transition period the inclusion 

of fat/oil supplements have been found to improve pp reproductive performance (Thatcher et 

al. 2006; De Veth et al. 2009), by reducing NEB and incidence of metabolic disease (von 

Soosten et al. 2012) by increasing the energy density (M/D) of the diet without the inclusion of 

greater amounts of rapidly fermentable energy (FME) from cereals. Lower dietary crude 

protein concentrations and intake by dairy cows can reduce GHG emissions from imported 

feeds, which can have a limited effect on MY (Reynolds et al. 2016), while greater AA intake, 

particularly lysine and threonine and milk protein yield tend to be associated with increased 

PPI to conception (Rodney et al. 2018). While greater phosphorus concentration magnesium 

and non-fibre carbohydrates (NFC) such as starch, sugar and pectin from forages and cereals 

tend to be associated with decreased PPI to conception (Rodney et al. 2018). This was not 

surprising because energy intake accounts for 86% of the variation in dietary energy intake of 

dairy cows (Moe et al. 1972). Increases the propionate to acetate ratio can be achieved by 

improving forage quality and increasing starch and protein concentrations, while lowering the 

fibre content by optimising maturity and nutrient content at harvest and fibrolytic activity in the 

rumen (Drackley and Reynolds, 2021).  

 

Herd replacement rate has one of the greatest economic and environmental impacts on dairy 

systems (£14 per cow) and ability to reduce CO2-eq. per cow (ranging from −48 to −53 kg) 

and per unit milk solids (ranging from −91 to −98 g/kg) per one percent increase (Bell and 

Wilson, 2018).  The measurement of enteric CH4 emission from growing dairy heifers has 

been limited and yielded variable results (Cottle et al. 2011). Early work showed that methane 

emissions from dairy herd replacements were 10 g/h per 500 kg live weight (Crutzen et al. 

1986; Lockyer, 1997), while later work showed that dairy heifers had annual CH4 emissions of 

31 kg per animal from birth and 12 mo. and 75.5 kg between 12 and 24 mo. of age, averaging 

57 kg / animal (Dall-Orsoletta et al. 2019). While Jiao et al. (2014) found that grazing Holstein 

Friesian heifers CH4 emissions per animal were 36.2 kg from birth to 12 mo. and 64.3 kg 

between 12 and 24 mo. of age. While a unit reduction in enteric CH4 would notably reduce 

CO2-eq. emissions per cow (ranging from −48 to −50 kg) and per unit milk solids (ranging from 

−75 to −79 g/kg), if selection for lower methane emitting animals was possible commercially 

(Bell and Wilson, 2018). While improving the digestibility of cow rations can lower enteric CH4 

emission (Garnsworthy, 2004; Wilkinson and Garnsworthy, 2017), which can be achieved 

https://www.frontiersin.org/articles/10.3389/fsufs.2021.588158/full#B51
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through plant management, feed processing, diet formulation and the addition of feed 

additives and supplements (Knapp et al. 2011 and 2014). While higher feeding levels tend to 

make dairy heifers hyper insulinemic and impair oocyte quality when they have been in 

moderately high BCSP, however, increasing feeding level improves the blastocyst yield of 

heifers in lower than target BCSP (Adamiak et al. 2005), which should be approx. 0.5 greater 

than BCSP than that recommended for cows (Margerison et al. 2022). Factors that affect FE 

include feed intake, digestion, metabolism associated with BCS associated fat and protein 

deposition, physical activity, thermoregulation, and other components of basal metabolism 

(Drackley and Reynolds, 2021) and these factors are important in the evaluation of factors 

related to the fertility of dairy cows.  

 

1.13: Conclusions 

Enteric fermentation by ruminants contributes 44.3% of global livestock emissions (FAO, 

2018) and as the world population is forecast to increase, the concomitant increase in food 

production need to be supplied by applying agricultural practices that minimize the effect they 

have on climate change and so this thesis aims to estimate the potential effect on the Co2 eq. 

from the production of milk. The fertility of dairy cows is a main factor that may affect the CO2-

eq. of milk production systems, due to infertility related extended CI and low PR, which lower 

lifetime MY and increase dairy herd RR. Dairy farming systems need to reduce the CO2 eq. 

and greenhouse gas emissions per unit of dairy product (milk, fat and protein) produced, which 

has successfully been achieved by increasing the MY of dairy cows, by diluting the 

maintenance requirements of the animal, therefore increases feed efficiency, but this reduces 

the regularly of ovarian cycles and extends the PPI to conception and CI, while lowering PR 

and RR, which may be related to greater NEB.  

 

1.14: Aims and objectives of this thesis 

This thesis aimed to assess the occurrence rate and factors that were associated with the 

occurrence of atypical oestrus cycles (ACL) in high yielding Holstein Friesian dairy cows and 

assess the impact infertility has on CO2-eq. emissions from dairy production. The objectives 

of this thesis are to use milk P4 concentrations to evaluate the occurrence of ACL and assess 

the effect of ACL on the fertility and CI and RR related CO2-eq. emissions of high yielding 

Holstein Friesian dairy cows and compare the fertility, milk yield, feed intake (DMI) and FE of 

cows, including the BCS of cows at parturition and loss of BCS following parturition that had 

ACL and typical ovarian cycle length (TCL) and evaluate how CO2-eq. emissions from dairy 

production can be reduced.   

https://www.frontiersin.org/articles/10.3389/fsufs.2021.588158/full#B37
https://www.frontiersin.org/articles/10.3389/fsufs.2021.588158/full#B38
https://www.sciencedirect.com/science/article/pii/S0022030221010134#bib8
https://www.sciencedirect.com/science/article/pii/S0022030221010134#bib8
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Chapter 2.0 

 

Experiment 1 

 

Occurrence of atypical ovarian cycles and the effect 

on the calving interval, pregnancy, and 

replacement rates, and infertility-related carbon 

emissions from high-yielding dairy cows 
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Occurrence of atypical ovarian cycles and the effect on the calving interval, pregnancy, 

and replacement rates, and infertility-related carbon emissions from high-yielding dairy 

cows 

 

2.1: Abstract 

Reproductive performance of dairy cows continues to be a major concern of the dairy industry 

worldwide and the postpartum interval (PPI) to conception and pregnancy rate (PR) and 

calving interval (CI) are important parameters affecting the economic and environmental 

impact of the dairy industry. This study aimed to assess the occurrence and effect of atypical 

reproductive cycle length (ACL) on the PPI to conception and PR and the effect on GHG 

emissions from dairy cows using 230 high-yielding Holstein Friesian dairy cows, which were 

located according to pp cycle length to cows that had ACL and typical cycle length (TCL). The 

majority, 69 %, of cows had TCL, however, a high proportion, 31%, of cows exhibited ACLs, 

which included 0.20% that had prolonged pp luteal cycle length ≥ 20 d, followed by 0.07% of 

cows that exhibited the delayed onset of ovarian luteal activity and 0.04% the cessation of 

luteal activity. Cows with ACL were of a greater parity (P=0.032) and had a greater PPI to first 

progesterone (P4) rise (P<0.001), lower CR to the first insemination (P<0.034), PPI to 

conception (P<0.001), and longer PPI to conception (P<0.001) and CI (P<0.001), while PR 

and BCS at parturition did not differ. The occurrence of ACLs increased the carbon footprint 

(CO2-eq) produced by additional RR (P<0.001) and CI above 365 d and 375 d increased the 

CO2-eq produced (P<0.001), and the CO2-eq production related to infertility (P<0.001), which 

is the combined CO2-eq for additional herd replacements and CI. In conclusion, 31% of high-

yielding dairy cows exhibited ACLs, which increased the PPI to the first insemination, lowered 

the conception to the first insemination, and increased the PPI to conception and CI of dairy 

cows. Infertility substantially increased the CO2-eq of dairy cows due to cows that had ACLs 

having a longer PPI to first P4 rise, first insemination and conception, which increased the CI. 

 

Keywords: Dairy, Cycles, Calving interval, Replacements, Carbon. 

 

2.2: Introduction 

Reproductive performance is a major concern of the modern dairy industry worldwide, due to 

its detrimental effect on farm profitability (Gröhn and Rajala-Schultz, 2000; Horn et al. 2012; 

De Vries, 2017; Kim et al. 2019). It is believed that annual calving intervals are an optimal 

indicator of fertility and profitability of dairy herds (Pryce et al. 1997; Inchaisri et al. 2010; Bell 

and Wilson, 2018), which requires a postpartum interval (PPI) to conception to successfully 

occur within 85 d pp (Grimard et al. 2006). The biological possibility of conception in this time 

frame requires a coordinated function of the hypothalamus, pituitary, ovaries, and uterus, 

https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
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resulting in uterine involution and timely resumption of ovarian function (Deori and Arundhati, 

2015; Gautam et al. 2009; Negasee, 2020). In addition, diverse factors, e.g., body condition 

score (BCS) at parturition and changes in BCS during the transition, pp and/or service period, 

parity, milk yield, calving to first service interval, and peripartum disorders such as dystocia, 

metritis, and retained placenta (Youngquist and Shore, 1997; Smith et al. 2002; Walsh et al. 

2011) have been shown to extend the PPI to conception (Grimard et al. 2006; Siddiqui et al. 

2013).  

 

The PPI to conception, sometimes referred to as the days open are important parameters that 

are used to evaluate the reproductive and economic performance of the dairy herd (Harman 

et al. 1996), and increases in the PPI to conception are of an economic disbenefit to the dairy 

industry, lowering the milk yield in relation to labour and feed costs (Inchaisri et al. 2010), 

income from the number of calves born (Cabrera, 2014) and lifetime productivity of cows 

(González-Recio et al. 2004), while increasing breeding costs (González-Recio et al. 2004; 

Cabrera, 2014) culling rates (González-Recio et al. 2004; Inchaisri et al. 2010; Cabrera, 2014) 

and RR. Greater genetic merit for milk yield (MY) has been cited to be responsible for 13 to 

30% of the observed variance in pp ovarian activity (Veerkamp et al. 2000; Royal et al. 2002b; 

Petersson et al. 2007) and delayed first ovulation (Petersson et al. 2006; Cutullic et al. 2011; 

Piccand et al. 2013). Greater MY (Pryce et al. 1997; Brito et al. 2021) has been shown to be 

associated with greater pp BCS loss and negative energy balance (NEB), which negatively 

affects the PPI to the onset of ovarian activity, oocyte quality, and CR due to endocrine 

regulation of changing lipogenesis to lipolysis during early lactation (Garcia-Carcia, 2012).  

 

Increasing MY per cow has been successful in achieving greater feed efficiency (FE) and the 

dilution of enteric GHG emissions (VandeHaar and St-Pierre, 2006; Capper et al. 2009; 

Reynolds et al. 2011; Garnsworthy et al. 2012; Knapp et al. 2014), which is essential in 

maintaining global warming < 1.5°C up to 2030 and achieving net zero emissions by 2050 

(UN, 2022). However, the deleterious effect of high genetic merit for MY on the regularity of 

ovarian cyclicity (Horan et al. 2004; Pollott and Coffey, 2008; Windig et al. 2008) and 

pregnancy rates (PR) (Brito et al. 2021) lower the length of the productive life of dairy cows 

(Knaus, 2009), which has been shown to increases GHG emissions related to greater calving 

interval (CI) (Bell and Wilson, 2018) and lower PR (Brito et al. 2021) that increases the amount 

of herd culling due to infertility (Pryce et al. 1997) and replacement rate (RR) (Zehetmeier et 

al. 2014; Bell et al. 2015) increasing the number of herd replacements required. This would 

have a negative effect on the cost of milk production (Yusuf et al. 2011; Horn et al. 2012; De 

Vries, 2017; Bell et al. 2015) and the carbon footprint of dairy production systems due to a 

greater number of herd replacements on farm (Garnsworthy et al. 2004; Bell and Wilson, 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0175
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0145
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
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2018), however, there are few published studies with the exception of modelling (Crutzen et 

al. 1986; Garnsworthy et al. 2004; Bell and Wilson, 2018) that have collected data to assess 

the factors related to the occurrence of atypical ovarian cycles length (ACL) and its effect on 

the PPI to conception, pregnancy and replacement rates of higher-yielding dairy cows that has 

the potential to increase FE and lower CO2-eq of dairy production systems by diluting the feed 

and maintenance costs of milk production in the UK.  

 

2.3: Aim and objectives 

The aim of this study was to use milk P4 concentrations to assess the ACL occurrence rate in 

high-yielding (>11,000 L/cows/year) dairy cows and assess the effect on CI and RR. The 

objectives were to assess PPI to the first pp rise in P4, commencement of ovarian activity, 

evaluate ACL occurrence rates and the effect of ACLs on the PPI to conception and CI, CR 

and PR, and use this data to estimate the effect of the CI and RR on CO2-eq.  

 

2.4: Materials and methods 

 

2.4.1: Study location and ethical approval 

This study was carried out using P4 analysis and data that had been previously collected at 

the University of Nottingham Centre of Dairy Science and Innovation (CDSI), Sutton 

Bonington, Leicestershire, UK, by George Mann and Morag Hunter, between January 2009 

and June 2013 in accordance with the approval and procedures of the University of 

Nottingham Animal Ethics Committee and authority of the UK Animal (Scientific Procedures) 

Act 1986, which was obtained prior to the commencement of the study.  

 

2.4.2: Experimental design and animal management 

This study was carried out using 228 Holstein-Friesian dairy cattle that were selected at 

random from the 230 cows that calved annually at the Centre of Dairy Innovation (CDSI) of 

the University of Nottingham, which had an average annual MY of 11,500 L/cow. In this study 

the cows were randomly selected from an all year-round calving herd according to calving 

date to provide a representative sample ≈33.3 % of all cows that calved in the herd over a 

three-year period. The cows used in this study had a mean parity of 2.0 (± 0.41) (from 1 to 8), 

live weight of 710 (± 24.1) kg and BCS of 2.65 (± 0.46) (from 2.25 to 3.50) at parturition and 

the cows were allocated retrospectively according to pp luteal activity into one of two groups 

that had; typically normal cycle (≤ 20 d) (TCL) and atypical prolonged luteal cycle length (≥ 21 

d) (ACL) according to Lamming and Darwash (1998). This was undertaken annually over a 

two day period using P4 concentrations of milk samples that were collected thrice weekly 

(Petersson et al. 2006; Cutullic et al. 2011) according to two consecutive milk samples P4 

https://www.sciencedirect.com/science/article/pii/S0377840103003043#BIB3
https://www.sciencedirect.com/science/article/pii/S0377840103003043#BIB3
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
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concentrations that were greater than 3 ng/ml indicated the presence of luteal activity (Table 

2.1).  

 

Table 2.1: Application of milk progesterone (P4) concentrations used to categorise 

atypical ovarian activity of lactating dairy cows 

Atypical reproductive cycle pattern  Definition 

Delayed ovulation  

  Type I <3 ng/ml ≥45 d pp 

  Type II (prolonged inter-luteal interval) <3 ng/ml ≥12 d between two luteal phases 

Delayed luteolysis (persistent corpus luteum) 

  Type I: During first cycle  >3 ng/ml ≥19 d during first pp oestrous cycle 

  Type II: Subsequent cycles prior to 

insemination 

>3 ng/ml ≥19 d during subsequent pp cycles 

  Late embryonic mortality >16 d post-

insemination 

>3 ng/ml ≥19 d following insemination, followed 

by lower P4 levels 

Ammended from Lamming and Darwash, 1998 

 

2.4.3: Animal housing, feeding and management 

The cows were housed in the same pen, using multiple (n=9) groups of 50 cows per pen, 

which had 55 free stalls in each pen that were fitted with cantilever divisions and rubber 

matrasses, which were cleaned and dusted with fresh sawdust daily. The feeding alleys were 

fitted with rubber covered concrete, which were cleaned at 4 h intervals by automatic above 

ground scrapers. All animals had ad libitum access to clean fresh water and a partial mixed 

ration PMR that consisted of grass, maize and whole crop silage (50: 25: 25) on a DM basis 

and protein meal, which was formulated to supply adequate nutrients for animal maintenance 

requirements, plus 32 L of milk production per day (Table 2.2 a, b). During milking, cows were 

offered a pelleted dairy compound feed through the milking stations integral feed bin (Lely 

Astronaut A3; Lely UK Ltd., St Neots, UK), which was distributed at 2 kg/hd/d from parturition, 

which increased at 0.2 kg/d up to a maximum of 12 kg /hd/d up to 60 d pp, followed by which 

allocation remained the same until 100 d pp, followed by which the feeding rate was reduced 

according to individual animal MY, which was offered at 0.4 kg/L. This resulted in an average 

forage to concentrate ratio of 1.3:1.  
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2.5: Measurements 

 

2.5.1: Milk progesterone concentration 

Milk samples (20 ml) were collected automatically via a Lely Shuttle connected to the robotic 

milking station for progesterone analysis, in the morning, thrice weekly from individual cows 

between 7 and 130 (± 0.3) d pp. Milk samples had a broad spectrum Microtabs®II (containing 

Bronopol and Natamycin; D&F Control Systems, Inc., USA) added and were frozen -22 ° C 

until being thawed for 24 h at room temperature prior to the determination of progesterone 

concentration using an enzyme-linked immunosorbent assay (ELISA) (Ridgeway Science 

Ltd., Alvingdon, UK) in accordance with Bedere et al. (2016). The coefficients of variation 

between assays for ELISA on 5 ng/mL control samples ranged between 8 and 10%. Luteal 

activity was determined using two consecutive milk P4 concentration thresholds according to 

Petersson et al. (2006) as adapted by Cutullic et al. (2011) to establish baseline progesterone 

concentrations and distinguish between P4 luteal phase concentration thresholds low < 5 ng, 

high > 5 ng and intermediate ≈ 5 ng, while increases in P4 concentrations between 

consecutive milk samples were considered to be due to corpus luteum (CL) activity and 

decreased P4 concentrations indicated luteolysis of the CL. These were used to distinguish 

luteal and inter-luteal phases and calculate the PPI to first P4 rise, ovulation, inter-ovulatory 

luteal cycle length and PPI to conception according to Cutullic et al. (2011). The first day of 

high P4 concentrations >3 ng/ml that satisfied the requirements was determined to be the PP 

interval prior to the onset of luteal activity according to the technique presented in (Table 2.1) 

and the PPI to the first PP ovulation was determined by subtracting an expected 5.7 days from 

the recorded delay to the PPI to first P4 concentration increase in accordance with Darwash, 

Lamming and Wooliams (1997).  

 

2.5.2: Diet composition, feed sample collection and feed analysis 

Samples (500 g) of all diet components; concentrated feed, forages and pelleted dairy 

compound feeds were collected weekly and stored at -20 °C until being thawed at room 

temperature for 12 h until analysis. Individual grass, maize and whole crop cereal silages were 

analysed by near-infrared spectroscopy using forage analysis assurance group equations to 

predict DM content, nutrient content, and silage characteristics (Sciantec Ltd., Yorkshire, UK). 

All feed samples were analysed using AOAC (1990) methods for dry matter, CP, NDF, starch, 

sugars, and fat (oil acid hydrolysis; OAH), which were determined directly, whilst 

metabolizable energy was calculated as (0.14 × NCGD + 0.25 × OAH), in which NCGD = 

neutral cellulase plus gamanase digestibility that was assessed according to the feeding stuffs 

(England) regulations (FRS) 2005, using statutory instrument No. 3281 (Sciantec Ltd., 

Yorkshire, UK) (Table 2.2).  

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/luteolysis
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
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Table 2.2: Partial mixed ration ingredients and composition (± SE) of mixed ration and 

pelleted concentrate offered at milking 

Ingredients (kg DM/d/cow) Partial mixed ration Pelleted concentrate 

Diet components 
 

 

Maize silage, g/kg DM 275 (± 55) - 

Grass silage, g/kg DM 229 (± 48) - 

Whole crop silage, g/kg DM 209 (± 42) - 

Wheat straw, g/kg DM 9 (± 0.10) - 

Soya: Rape seed meal, g/kg DM 174 (± 23) - 

Sugar beet pulp, g/kg DM 22 (± 2.2)  

Molasses, g/kg DM 27 (± 2.8) - 

Protected fat, g/kg DM 19 (± 1.6) - 

Dried distillers grains with solubles 7 (± 0.6) - 

Soya hulls, g/kg DM 7 (± 0.9) - 

Minerals and vitamins, g/kg DM1 22 (± 0.01) - 

Total 1000 (± 0.00) - 

Diet composition 
  

Dry matter, % 45.2 (± 0.10) 86.5 (± 0.01) 

CP, % DM 16.8 (± 0.09) 18.0 (± 0.01) 

ME, MJ/Kg DM 11.8 (± 0.02) 12.5 (± 0.01) 

NDF, % DM 35.5 (± 0.01) 21.0 (± 0.01) 

Starch and sugar, % DM 26.2 (± 0.05) 52.0 (± 0.01) 

Oil, % DM  4.5 (± 0.04) 5.0 (± 0.01) 

Ash, % DM 7.5 (± 0.03)  

CO2-eq. / kg, kg 0.33 (± 0.012) 1.32 (± 0.010) 

1-Dietary minerals and vitamins; calcium, 18%; phosphorus, 10%; magnesium, 5%; salt, 17%; copper, 

2,000 mg/kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; iodine, 500 mg/kg; 

selenium, 25 mg/kg; vitamin A, 400,000 IU/kg; vitamin D3, 80,000 IU/kg; and vitamin E, 1,000 mg/kg. 

 

2.5.3: Oestrus detection, artificial insemination and pregnancy diagnosis 

Oestrus was detected using activity monitors to detect oestrus-related behaviour using 

acceleration technology that was attached to the neck collar of individual cows, which 

continuously measured horizontal acceleration related to upward movements of head and 

neck during walking and mounting behaviour to calculate a daily activity index. This index was 

interpreted using specially developed algorithms based on deviations from typical stored 
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activity patterns, to separate increased activity associated with oestrous behaviour. This 

activity was automatically transferred via an antenna fitted to the robotic milking station to herd 

management software that provided graphic indication and lists of individual cows to identify 

the reproductive, rumination and health status (Lely Astronaut A3; Lely UK Ltd., St Neots, UK). 

Artificial insemination was undertaken 12 h post onset of increased oestrus activity, prior to 

ovulation, by a professional breeding technician (Genus Breeding Ltd, Nantwich, UK) 

according to animal activity. The existence of pregnancy was confirmed by ultrasound (US) 

observations that were carried out at 18 to 21 following a successful AI using a Voluson I 

ultrasound device (General Electric Healthcare Systems, Vienna, Austria), which was fitted 

with a 12L RNA linear array, multifrequency transducer that was operated between 4 and 12 

MHz. The ultrasound machine depth, echo-amplification, persistence, output power etc. 

settings were retained and used for all US examinations. This pregnancy was confirmed by 

rectal palpation no earlier than 40 to 60 d of gestation by a qualified veterinarian.  

 

2.5.4: Carbon dioxide equivalents of calving interval and replacement rate 

The CI was calculated using the PPI to conception with the addition of a standard gestation 

period for lactating dairy cows of 283 d. The RR related to infertility was calculated using the 

PR (100 – PR = RR). The CO2-eq. emission per day of CI, was calculated using 14.9 kg/d, 

which was representative of the average amount CO2-eq. calculated per d of CI for dairy cows 

in the UK by Bell and Wilson (2018) plus its effect on a RR using an assumed RR of 20% and 

CI of 365 d. The CO2-eq emissions related to RR was calculated using the % RR x 48.7 kg, 

which was the CO2-eq emissions calculated per % RR for dairy heifers managed under UK 

conditions by Bell and Wilson (2018). The CO2-eq for CI and RR were added together to 

calculate the CO2-eq. that was related to infertility. In this study, the CO2-eq. per % of RR and 

CI were calculated for a 365 and 375 d CI.  

 

2.5.6: Statistical analysis 

The data was collated in Microsoft Office Excel 2016 and used to calculate PPI to first P4 rise, 

PPI to first ovulation, oestrus cycle length between subsequent cycles, number of 

inseminations, CR, PR, PPI to conception and this was used to calculate the CI using a 

gestation period of 283 d. The data was assessed using the Anderson-Darling test for 

normality of distribution using Minitab statistical software (Version 17.2.1, 2016, State College, 

PA) and found to be normally distributed. The occurrence of ACL, PPI to first P4 rise, PPI to 

first ovulation, oestrus cycle length between subsequent cycles, number of inseminations, PPI 

to conception, CI, CR, PR and CO2 eq. were analysed using the general linear model (GLM) 

ANOVA by each variable/ response, initially including year, ACL and TCL as fixed effects and 

https://l.facebook.com/l.php?u=https%3A%2F%2Fwww.google.com%2Fmaps%2Fdir%2F%3Fapi%3D1%26destination%3D53.051043595294%252C-2.4936060978824%26fbclid%3DIwAR2qgyJg8XEDFimY85cbS4-6LwGWOPvMbYeQbgnSwBJvA5aROAv3hS5t3Xk&h=AT3pof_hvyTiksqxxZfTNmqbtMUJvENg1jynILHfRu1bXQ5Ndkj-h0UXExHQXE8ZHGhESJ52A7ONKywIlc-fVLyILSBlG6nMoILHwyoQCoxJn3pOa-fZbJOSUKHb8tK8AmtG8Q
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animal as a random effect in the model. Year was found to have no effect on occurrence of 

ACL and was removed from the model. The number of inseminations and conception were 

assessed using Chi square test using ACL and TCL as a row and response as a column the 

table. Data was reported as means (± SE) and P values, and the existence of significant 

differences between means were reported at a P<0.05 and tendencies were reported at a 

P<0.010.  

 

2.6: Results 

 

2.6.1: Reproductive performance  

The majority, 69 %, of cows had TCLs, however a high proportion, 31%, of cows exhibited 

ACLs, which included 20% that had prolonged pp luteal cycle length ≥ 20 d, followed by 7% 

of cows that exhibited the delayed onset of ovarian luteal activity and 4% the cessation of 

luteal activity (Table 2.3). The cows that had ACL were of a greater parity and had greater PPI 

to the first P4 rise, PPI to conception, lower CR to first service and longer CI. The BCS at 

parturition and PR did not differ between cows that had ACL and TCL.  

 

Table 2.3: Mean (±SE) parity, body condition (range) and postpartum interval to 

conception, conception and pregnancy rate and calving interval of high yielding dairy 

cows that had atypical and typical luteal cycles 

 Cycle length  

 
Atypical Typical P value 

Observations, No. cows 71 157 - 

Parity, No. 3.2 (±0.25) 2.7 (±0.12) 0.032 

Body condition score (0 to 5), 7 d pp 2.70 (0.071) 2.60 (0.040) 0.356 

Range in body condition (0 to 5), 7 d pp 2.25 to 3.50 2.25 to 3.00 0.457 

Interval to first P4 rise, d pp 37.7 (±2.61) 27.6 (±0.80) <0.001 

Postpartum interval to first insemination, d 77.7 (±3.11) 66.2 (±1.71) <0.001 

Conception to first insemination, % 24 (±0.2) 38 (±0.4) 0.034 

Postpartum interval to conception, d 129 (±14.0) 92 (±5.4) <0.001 

Pregnancy rate, % 78 (±0.9) 89 (±0.9) 0.121 

Calving interval, d 1 412 (±40.6) 375 (±22.3) <0.001 

1 – Calculated from the PPI to conception, plus a gestation of 283 d for all pregnant animals 
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2.6.2: Effect of fertility on carbon dioxide equivalents 

The occurrence of ACLs increased CO2-eq. produced by additional herd replacements by 535 

kg and CI above 365 d increased the CO2-eq. produced by 566 kg and 375 d by 551 kg. The 

CO2-eq. production related to infertility, which is the combined CO2-eq. for additional herd 

replacements and CI was 1,101 kg greater for a 365 d CI and 1086 kg greater for a 375 d CI 

form cows exhibited ALC compared with TCLs (Table 2.4).  

 

Table 2.4: Carbon equivalents related to herd replacements, calving interval (±SE) and 

infertility of high yielding dairy cows that had atypical and typical luteal cycles 

 Cycle length  

 Atypical Typical P value 

Replacement rate, % 22 (0.2) 11 (0.1) 0.121 

CO2-eq. for herd replacements, kg 1071 (12.9) 536 (6.4) <0.001 

    

No. days over CI 375, d  37 (2.51) 0 (1.1) <0.001 

CO2-eq. for days over a CI of 375 d, kg 1 551 (4.9) 0 (1.2) <0.001 

CO2-eq. infertility for a CI of 375 d, kg 2 1622 (13.2) 536 (5.8) <0.001 

    

No. days over CI 365, d 47 (4.6) 10 (1.2) <0.001 

CO2-eq. for days over a CI of 365 d, kg 1 700 (12.4) 134 (9.8) <0.001 

CO2-eq. infertility for a CI of 365 d, kg 2 1771 (15.2) 670 (6.3) <0.001 

1 – Calculated using an assumed replacement rate 20% and CI of 365 d used to calculate additional 

replacements. 2 – Combined CO2eq for additional herd replacements and calving interval greater than 

365 and 375 days.  

 

2.7: Discussion 

 

2.7.1: Reproductive performance  

The detrimental effect of increased MY on reproductive performance of dairy cows is the major 

concern (Gröhn and Rajala-Schultz, 2000; Horn et al. 2012; De Vries, 2017; Kim et al. 2019). 

Unfortunately, a relatively large proportion of high yielding cows in this study exhibited ACLs 

(Table 2.3), and a small proportion of cows even had a total cessation of luteal activity. The 

proportion of cows exhibiting ACL was lower than the approx. 40% of the dairy cow population 

that have been reported to be affected by ACL that typically delayed commencement of luteal 

activity (Petersson et al. 2006; Windig et al. 2008; Cutullic et al. 2011), which was apparent in 

https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
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this study. Researchers have shown that the variance in cycle length and delayed return to 

ovarian activity was related to the genetics in 13 to 30% of individual cows and that it was 

negatively genetically correlated with increasing MY (Veerkamp et al. 2000; Royal et al. 2002b; 

Petersson et al. 2007). The MY of dairy cows continues to increase in developed and 

developing countries (Margerison 2022) and is related to increased feed efficiency and lower 

CO2-eq of milk production (Garnsworthy et al. 2020) due to a dilution of nutrient requirements 

for maintenance (Capper et al. 2013) making the occurrence of ACL, effect, and relationship 

with MY and FE need to be evaluated in further research. It is especially important to study 

this in Holstein Friesian, not only because this breed show more abnormal cyclicity compared 

with some other breeds, such as Jersey, especially in terms of delayed PPI to first ovulation 

(Petersson et al. 2006; Cutullic et al. 2011; Piccand et al. 2013), but more importantly because 

this breed is most commonly used for milk production globally and for cross breeding to 

increase MY in developed and developing countries (Margerison, 2022).  

 

The deleterious effect of high genetic merit for MY on ovarian cyclicity is, however, complex 

and has been related to other factors which include the body condition score, health and 

nutrition of dairy cows (Horan et al. 2004; Pollott and Coffey, 2008; Windig et al. 2008). The 

body condition score (BCS) during transition and at parturition (Young and Shore, 1997; Smith 

et al. 2002; Walsh et al. 2011) that can extend the PPI to conception (Grimard et al. 2006; 

Siddiqui et al. 2013) however this is unlikely to be a factor that has affected ovarian activity 

and conception in this study because the cows that exhibited TCL and ACL in this study 

received similar transition nutrition and the BCS did not differ at parturition and was well 

withing industry recommendations (AHBB, 2020). However, excessive pp BCS loss and NEB 

can equally affect the onset of ovarian activity (Pryce et al. 2001; Garnsworthy, 2006; Patton 

et al. 2007), affect oocyte quality and CR due to endocrine regulation of changing lipogenesis 

to lipolysis during early lactation (Garcia-Carcia, 2012) and while this was not assessed in this 

study it would be important to evaluate BCS at parturition and pp change in BCS in subsequent 

studies.  

 

2.7.2: Effect of fertility on carbon dioxide equivalents 

The maintenance of regular annual calving is an optimal indicator of fertility, profitability (Pryce 

et al. 1997; Inchaisri et al. 2010) and lower CO2-eq. emissions of dairy herds (Bell and Wilson, 

2018). The PPI to conception or days open are important parameters that are used to evaluate 

the reproductive and economic performance of the dairy herd (Harman et al. 1996) and 

minimizing the days open is economically beneficial in increasing milk yield in relation to labour 

and feed costs (Inchaisri et al. 2010), increasing the number of calves born (Cabrera, 2014) 

and lifetime productive days (González-Recio et al. 2004). This PPI to conception successfully 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0175
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0145
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
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occur within 85 d pp (Grimard et al. 2006), however the cows that had ACL in this study had 

a greater PPI to conception, lower CR to first service and longer CIs. This greater PPI to 

conception and CI increased the CO2-eq. associated with additional days of the CI, which is 

associated with greater breeding costs (González-Recio et al. 2004; Cabrera, 2014) and 

culling rates (González-Recio et al. 2004; Inchaisri et al. 2010; Cabrera, 2014). The cows that 

had ACL had lower CR and PR increased the number and the amount of CO2eq associated 

with raising herd replacements (Bell et al. 2011; Bell, 2015; Bell and Wilson, 2018), which 

increased the CO2-eq. substantially and this requires closer evaluation in subsequent studies 

to see if this is consistently the case between studies.   

 

Overall infertility in this study had a substantial impact on CO2-eq. and GHG emissions from 

the dairy industry, which warrants further investigation, specifically looking at high MY dairy 

cows. This is because increasing the genetic merit of dairy cows to increase MY has a 

deleterious effect on ovarian cyclicity (Horan et al. 2004; Pollott and Coffey, 2008; Windig et 

al. 2008) and PR (Brito et al. 2021), which subsequently lowers the length of cow productive 

life (Knaus, 2009) and increases GHG emissions related to greater CI (Bell and Wilson, 2018). 

It is essential to evaluate the amount of herd culling due to infertility (Pryce et al. 1997) along 

with CI. These substantially increase the number of replacements required (Zehetmeier et al. 

2014; Bell et al. 2015), which had the most substantial impact of CO2-eq related to milk 

production and this needs to be evaluated in more detail, using P4 evaluation of ovarian 

cyclicity including component corrected MY and FE, which need to include pp change in BCS 

in high yielding Holstein Friesian dairy cows.  

 

2.8: Conclusions 

A relatedly high proportion of high yielding dairy cows exhibit ACLs, which increased the PPI 

to first P4 rise and conception and lowered conception and pregnancy rates. This increased 

the calculated CI and RR, which increased the CO2-eq., partially due a longer CI and a 

considerably greater need for herd replacements.  

 

2.9: Further work 

The substantial occurrence and impact of ACL on CO2-eq., mainly due to a greater RR, and 

lesser extent CI requires further study. This needs to include a wider range of factors that may 

affect the cycle length and fertility of dairy cows, which includes MY and BCS at parturition 

and pp change in BCS. It is essential individual animal DMI is measured so that FE and CO2-

eq. in relation to component corrected MY can be measured and potentially lowered in the 

future.  

  

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
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Effect of atypical ovarian cyclicity on feed efficiency, 

replacement rates, and carbon equivalent of milk 

produced by high-yielding dairy cows 
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Effect of atypical ovarian cyclicity on the fertility, milk yield, feed efficiency, and carbon 

dioxide equivalent of milk production from high-yielding dairy cows 

 

3.1: Abstract 

Increasing the milk yield (MY) of dairy cows has successfully increased feed efficiency (FE) 

and lowered the carbon footprint (CO2 eq.) of milk production. However, greater MY has been 

associated with lower pregnancy rates (PR), which is a major concern for the global dairy 

industry due to its potential to increase the financial cost and CO2-eq. of milk production related 

to the need for greater numbers of replacements. This study aimed to evaluate the combined 

effects of MY, FE, and fertility-related to atypical ovarian cyclicity (ACL), such as greater 

interval to ovarian activity, calving interval (CI) and replacement rate (RR) due to lower PR 

and the effect on CO2 eq. of milk production by assessing the effect of ACL and typical cycle 

length (TCL) on the CI, PR, and infertility-rated herd RR and its effect on MY, FE and CO2-eq. 

of milk production. Cows that had ACL (31%) had a greater PPI to first progesterone rise 

(P=0.003) and to conception and CI (P=0.005) at 160 d pp, but not 130 d pp which showed 

poor fertility in cows with ACL and TCL at 130 d pp. The CR and PR did not differ at 130 d and 

160 d pp between cows with ACL and TCL. Dairy cows that exhibited ACLs had greater fat 

and protein corrected milk (FPCM) (P<0.001) and milk protein (MP) yield (P<0.001) and were 

more FE (FPCM P=0.015; MP=0.002) but had greater CO2 eq. emissions mainly due to a 

greater CI (P= 0.010). Body condition score (BCS) at parturition and pp change in BCS did 

not differ between cows that had ACLs and TCL and were well within industry 

recommendations. It was concluded that cows that exhibit ACLs had greater FPCM, MP 

yields, and FE (FPCM and MP yield), had longer PPI to conception and CI at 160 d pp, which 

was not related to BCSP and pp change in BCS. Infertility-related CI increased CO2 eq. 

emissions. 

 

Keywords: Dairy, fertility, feed efficiency, replacements, emissions 

 

3.2: Introduction 

It is essential to lower global warming by maintaining the increase in temperature to < 1.5°C 

up to 2030 and to achieve net zero emissions by 2050 (UN, 2022). In these terms, increasing 

the individual milk yield (MY) of dairy cows has been successful in lowering the enteric 

greenhouse gas (GHG) emissions, by increasing feed efficiency (FE) (VandeHaar and St-

Pierre, 2006; Capper et al. 2009; Reynolds et al. 2011; Garnsworthy et al. 2012; Knapp et al. 

2014). Unfortunately, increasing the genetic merit of dairy cows for MY has a deleterious effect 

on the regularity of ovarian cyclicity (Horan et al. 2004; Pollott and Coffey, 2008; Windig et al. 

2008) and pregnancy rates (PR) (Brito et al. 2021).  

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
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Greater MY extends the PPI to conception, which increases GHG emissions related to greater 

calving interval (CI) (Bell and Wilson, 2018), while lower PR (Brito et al. 2021) shortens the 

length of the productive life of dairy cows (Knaus, 2009) and increases the amount of herd 

culling due to infertility (Pryce et al. 1997). This increases the herd replacement rate (RR) and 

the number of replacements required (Garnsworthy, 2004; Zehetmeier et al. 2014; Bell et al. 

2015), which increases the land, fertilizer, feed, and CO2-eq. related to the maintenance of 

non-lactating animals.  

 

The modelling of agricultural systems has shown that the maintenance of greater numbers of 

herd replacements has been shown to have a substantial negative effect on the carbon 

footprint of dairy production systems (Garnsworthy, 2004; Bell and Wilson, 2018) along with 

the results of Experiment 1. Greater herd culling and replacement rates substantially affect 

the financial cost of milk production (Yusuf et al. 2011; Horn et al. 2012; De Vries, 2017; Bell 

et al. 2015) for farmers. However, there are few published studies that have collected 

biological data to assess the occurrence of atypical ovarian cycle length (ACL) and the effect 

on the fertility of high-yielding dairy cows, which include the individual animal evaluation of a 

wider range of important biological factors such as MY, feed intake, FE, and subsequent CO2 

eq. of milk production.  

 

3.4: Aim and objectives 

This study aimed to assess the effect of atypical cycle length (ACL) compared with typical 

cycle length (TCL) in high-yielding dairy cows on fertility-related key performance indicators 

(KPIs), MY, FE, and CO2-eq. production related to extended CI and increased RR. The 

objectives of the study were to assess the occurrence of ACLs in high-yielding cows and 

assess the effect of ACL on the CI, PR, and related RR, to assess the effect of CI and RR, in 

relation to the FE of high yielding cows on the potential CO2-eq. per kg of component correct 

MY.  

 

3.5: Materials and methods 

 

3.5.1: Study location and ethical approval 

This study was carried out between October 2018 and May 2019 at the University of 

Nottingham (UoN) Centre of Dairy Science and Innovation (CDSI) (MY of 11,300 L/cow/yr.), 

Sutton Bonington, Leicestershire, UK in accordance with and the prior approval of the UoN 

Animal Ethics Committee and authority of the UK Animal (Scientific Procedures) Act 1986.  

 

https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
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3.5.2: Experimental design  

The study was a randomised block design using 49 Holstein-Friesian dairy cattle of a mean 

MY 11,500 (± 961.5), parity of 2.88 (± 0.27 range 1 to 8), live weight (LW) of 738.2 (± 25.13) 

kg and BCS of 3.1 (± 0.22) at parturition that were selected randomly according to calving date 

from a 250-cow dairy herd that calved all year round. Animal were allocated according to 

previous MY, parity, LW and BCSP to receive a PMR with (+Y) and with no yeast (NY) (Actisaf, 

Phileo by Lesaffre, France) (Fig 3.1) and from parturition onwards these cows had milk 

samples collected to assess milk progesterone concentrations assessed in accordance with 

Experiment 1 and were assigned retrospectively according to pp luteal cycle length into blocks 

that had atypical (ACL) and typical cycle (TCL) lengths using milk P4 concentrations as 

detailed in Experiment 1 and the diet was found to have no effect on the proportion of cows 

and MY, parity, LW and BCS at parturition (Fig 3.1) of cows that had ACL and TCL.  

 

Fig 3.1: Schematic of the proportion of cows that had atypical (ACL) and typical (TCL) 

cycle lengths from cows that were offered no yeast (NY) and yeast (+Y) in the partial 

mixed ration 

 

3.5.3: Animal management 

The cows were housed in the same group within the same that had 55 free stalls that were 

fitted with cantilever divisions and deep litter sand beds, which were cleaned daily, and fresh 

sand was replenished weekly. The feeding alleys were fitted with concrete slats, which were 

cleaned at 6 h intervals using an automatic above-ground robot (Lely UK Ltd., St Neots, UK) 

and under-floor scrapers that ran on a 4 h cycle over each 24 h period.  

 o   9 co s (   ) and  ange
MY 11,500 ( 961.5) L/yr; Parity 2.9 ( 0.27) 1 to 8, LW 738 ( 12.5) kg; BCSP 3.0 ( 0.06) 2.5 to 3.5

 on  ol ( ) 2 co s

MY 11,486 ( 898.1) L/yr

Parity 2.8 ( 0.39) (range 1 to 8)

LW 736 ( 17.7) kg

BCSP 3.1 ( 0.08)

  ea men  ( ) 2 co s

MY 11,501 ( 901.5) L/yr

Parity 2.9 ( 0.39) (range 1 to 7)

LW 740 ( 18.0) kg

BCSP of 3.1 ( 0.09)

    

 o s   ( 2  )

MY 11,491 ( 864.8) L/yr

Parity 3.4 ( 0.67; 1 to 6)

LW 721 ( 31.9) kg

BCSP of 2.9 ( 0.16)

     

(   ) 1 co s

MY 11,483 ( 849.5) L/yr

Parity 2.4 ( 0.46; 1 to 8)

LW 744 ( 21.09) kg

BCSP of 3.1 ( 0.11)

    

 o s   (29  )

MY 11,502 ( 949.5) L/yr

Parity 3.8 ( 0.71; 1 to 7)

LW 737 ( 34.1) kg

BCSP of 3.2 ( 0.17)

    

(   ) 1 co s

MY 11,500 ( 964.8) L/yr

Parity 2.7 ( 0.46; 1 to 6)

LW 741 ( 21.9) kg

BCSP of 3.3 ( 0.11)

   alues

MY: 0.893

Parity: 0.591

LW: 0.887

BCSP: 0.917

   alues ( ange)

No. / proportion of cows: 0.834

MY: 0.419

Parity: 0.314 (2.5 to 3.5)

LW: 0.948

BCSP: 0.960 (1.75 to 350)

https://phileo-lesaffre.com/en/


67 

 

 

3.5.4: Diets and animal feeding 

The cows were offered adlibitum access to clean fresh water and a partial mixed ration (PMR) 

that was formulated to supply adequate nutrients for the maintenance requirements, plus 30 

L of milk production per day (Table 3.1). 

 

Table 3.1: Partial mixed ration ingredients and composition of mixed ration and pelleted 

concentrate offered at milking 

Ingredients (kg DM/d/cow) Partial mixed ration Pelleted concentrate 

Diet components 
 

 

Maize silage, g/kg DM 275 - 

Grass silage, g/kg DM 229 - 

Whole crop silage, g/kg DM 231 - 

Wheat straw, g/kg DM 9 - 

Soya: Rape seed meal, g/kg DM 181 - 

Molasses, g/kg DM 27 - 

Protected fat, g/kg DM 19 - 

Dried distillers grains with solubles 7 - 

Minerals and vitamins, g/kg DM1 22 - 

Total 1000 - 

Diet composition 
  

Dry matter, % 45.2 86.4 

CP, % DM 16.8 18.0 

ME, MJ/Kg DM 11.8 12.5 

NDF, % DM 35.5 21.7 

Starch and sugar, % DM 26.2 23.8 

Oil, % DM  4.5 4.3 

Ash, % DM 7.5 5.6 

CO2-eq. / kg, kg 0.34 1.32 

1-Dietary minerals and vitamins; calcium, 18%; phosphorus, 10%; magnesium, 5%; salt, 17%; copper, 

2,000 mg/kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; iodine, 500 mg/kg; 

selenium, 25 mg/kg; vitamin A, 400,000 IU/kg; vitamin D3, 80,000 IU/kg; and vitamin E, 1,000 mg/kg. 

 

The PMR was offered as a daily feed allowance of 110% of PMR intake. The PMR was 

replenished once daily at approx. 07.30 hrs in electronic feed intake stations that were fitted 

with a feed weighing system (Hokofarm Group B.V., Marknesse, Netherlands), which 
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measured individual animal feed intake on a constant basis. During milking, cows were offered 

a pelleted dairy compound feed through the robotic milking station in an integral feed bin (Lely 

Astronaut A3; Lely UK Ltd., St Neots, UK) and this was distributed at a rate of 2 kg/hd/d at 

parturition, which increased at 0.2 kg/d up to a maximum of 12 kg /hd/d up to 60 d pp, followed 

by which allocation remained the same until 100 d pp and then was reduced according to 

individual animal MY and was offered at 0.4 kg/L on a daily basis. 

 

3.6: Measurements 

 

3.6.1: Feed samples and feed analysis 

Feed sample collection and analysis was as stated in Experiment 1 (Table 3.1).  

 

3.6.2: Dry matter intake 

Individual animal fresh matter (FM) PMR intake was measured using automated electronic 

feed gates and bins (Hokofarm Group B.V., Marknesse, Netherlands) to record the daily PMR 

intake, which was used to calculate a weekly mean FM intake and the DM contents (Table 

3.1) were used to calculate the individual weekly DMI. The pelleted compound (PC) feed that 

was distributed to each individual cows was recorded by the Lely milking robot (Lely Astronaut 

A3; Lely UK Ltd., St Neots, UK) and used along with the DM contents (Table 1) of the PC to 

calculate the weekly mean kg of PC DM intake/d. The daily mean PMR and PC DM intake 

were used to calculate the total daily DMI for each animal.  

 

3.6.3: Milk yield and progesterone concentrations 

Individual animal daily milk yield and biweekly composition were measured using the Lely 

milking robot (Lely Astronaut A3; Lely UK Ltd., St Neots, UK) by collecting 20 ml composite 

milk samples from individual animals over a 24 h period on two consecutive days (pm and 

am), which were preserved using a broad-spectrum Microtabs®II (containing Bronopol and 

Natamycin; D&F Control Systems, Inc., USA) and refrigerated until analysed for milk fat, 

protein, somatic cell count (SCC) and urea concentrations using near infra-red analysis in 

accordance with AOAC (1990) reference method No. 972.16 (National Milk Records 

Laboratory, Harrogate, Yorkshire, United Kingdom). Milk yield was recorded in kg/d and 

weekly milk yield and bi-weekly milk composition were used to calculate fat corrected to 40 

g/kg, while energy corrected (EC) yield was calculated as, kg = 0.327 x MY kg + 12.95 x milk 

fat kg + 7.21 x milk protein kg and reported in kg/d according to Sjaunja et al. (1990) and fat 

and protein corrected milk (FPCM) yield was calculated according to milk kg × ((0.1226 × 

Fat %) + (0.0776 × Protein %) + 0.2534) (Gerber et al. 2010) and milk solids (kg/d) were 

calculated as the total of milk fat (kg/d) plus milk protein and were reported in kg/d.  
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Milk samples (20 ml) were collected and analysed personally as described in Experiment 1 

thrice weekly (am) from individual cows from 14 up to 130 (± 0.3) d pp in May 2019. Milk 

samples were had a broad spectrum Microtabs®II (containing Bronopol and Natamycin; D&F 

Control Systems, Inc., USA) added and were frozen -22 ° C until they were thawed for 24 h 

prior to the determination of progesterone concentration using an enzyme-linked 

immunosorbent assay (ELISA) (Ridgeway Science Ltd., Alvingdon, UK) in accordance with 

Bedere et al. (2016) and the coefficients of variation between assays for ELISA on 5 ng/mL 

control samples ranged between 8 and 10%. The luteal activity was determined using two 

consecutive milk progesterone (P4) concentration thresholds according to Petersson et al. 

(2006) as adopted by Cutullic et al. (2011) to establish baseline progesterone concentrations 

and distinguish between low P4 luteal phase concentration using negative thresholds < 5 ng, 

positive thresholds > 5 ng and intermediate thresholds = 5 ng, while increases in P4 

concentrations between consecutive milk samples was considered to be due to CL activity 

and decreased P4 concentrations indicated luteolysis of the CL and used distinguishing luteal 

phases from intergluteal phases. These P4 concentrations were used to calculate the PPI to 

first P4 rise, PPI to first ovulation, inter-ovulatory luteal cycle length, and PPI to conception 

according to Cutullic et al. (2011).  

 

3.6.4: Live weight and body condition score 

The individual animal LW was measured daily using load cells that were fitted to the base of 

the Lely robotic milking station platform (Lely Astronaut A3; Lely UK Ltd., St Neots, UK), which 

were used to calculate a weekly mean LW and used to calculate live weight and liveweight 

change. Individual animal body condition score (BCS) was assessed by the same person 

throughout the study on a weekly basis using a scoring scale of 1 (thin) to 5 (fat), which was 

assessed to the nearest quarter point according to AHDB (2014) on a weekly basis and used 

to calculate the change in pp BCS and report the BCS at parturition (BCSP) and report LW 

and BCS at 0, 60 and 120 d pp and the change between 0 to 60 d, 60 and 120 d pp and 0 and 

120 d pp.  

 

3.6.5: Carbon equivalent impact of infertility 

The GHG emissions of the production of the individual feeds used for the dairy cows were 

taken from the FeedPrint tool (Vellinga et al. 2013) and used to calculate the kg of CO2 eq. 

for the PMR and pelleted compound concentrate offered in the robot to calculate the CO2-eq 

of the diet. The CO2-eq. for additional days CI and % RR were calculated as previously stated 

in Experiment 1.  

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/luteolysis
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref30
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3.5.6: Animal health 

Herd records were used to assess animal health and one cow was removed from the study 

data and euthanized due to stomach ulceration, which was deemed unrelated to the research.  

 

3.5.7: Statistical analysis 

Data was collated in Microsoft Office Excel 2016 and used to calculate weekly mean values 

for MY, milk fat, protein, lactose, SCC and urea, LW, DMI, PPI to first P4 rise, PPI to first 

ovulation, oestrus cycle length between subsequent cycles, number of inseminations, CR, PR 

and PPI to conception and CI. The mean weekly data for MY, corrected MY, milk fat, protein, 

lactose, SCC and urea, BCS, LW, DMI, PPI to first P4 rise, PPI to first ovulation, oestrus cycle 

length between subsequent cycles, number of inseminations, CR, PR and PPI to conception 

and CI were assessed using the Anderson-Darling test for normality of distribution using 

Minitab statistical software (Version 17.2.1, 2016, State College, PA) and found to be normally 

distributed except for the milk SCC, which was transformed using the logbase10, prior to 

analysis. The effect of previous diet treatment on the number/proportion of cows, previous milk 

yield, parity, BCS and LW of cows that had ACL and TCL was assessed using the general 

linear model (GLM) ANOVA command by each variable/ response using animal as a random 

effect and previous diet and ACL and TCL as fixed effects in the model. The effect of ACL and 

TCL were assessed mean BCS was assessed using regression analysis, using BCS as 

categorical data and ACL and TCL as fixed effect and animal as a random effect in the model. 

The weekly mean milk yield, composition, FCM, ECM, FPCM, total protein and fat, and milk 

solids (MS) and lactose, feed intake, BCS, feed efficiency, milking frequency, animal activity 

and calculated CO2 eq. were analysed using the General Linear Mixed Model (GLM) 

command in ANOVA by each variable/ response using animal as a random effect and ACL 

and TCL as fixed effects in the model. The number of cows that had ACL and TCL, conception 

rate and the number of inseminations were assessed using Chi-square test, using ACL and 

TCL as row and response as a column in the table. Data were reported as means (± SE) and 

range with P values and the existence of significant differences between means were reported 

at a P<0.05 and tendencies at P<0.10.  

 

3.7: Results 

 

3.7.1: Reproductive performance 

In this study ACL occurred in 31 % of the dairy cows and ACLs were 29 d longer and the PPI 

to first P4 rise was 6.9 d longer compared with cows that had TCL (Table 3.2). While there 

was no difference in the PPI to first AI, CR, PR, PPI to conception and number of AI per 
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conception by 130 d pp, cows that had ACL had a final PPI to first AI that was 17.9 d longer, 

PPI to conception that as 49.3 d longer and a CI that was 55 d longer than cows that had TCL. 

The final CR and PR did not differ between cows that had ACL and TCLs, however 6% of 

cows that had TCLs did not conceive and survive, which increased the number of 

replacements required due to infertility.  

 

Table 3.2: Mean reproduction performance (± se) and number of dairy cows that had 

atypical and typical postpartum oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Observations, No. cows   15   34 - 

Mean cycle length   50.9 (4.19)   21.5 (2.78) <0.001 

PPI to first pp P4 rise, d   28.7 (1.85)   21.8 (1.23)   0.003 

    

Fertility up to 130 d pp    

 PPI to first AI, d   59.7 (3.39)   52.8 (5.41)    0.285 

 Conception rate, %   47   68   0.168 

 PPI to conception, d   83.1 (9.93)   71.2 (5.48)   0.165 

 AI per conception, No.     2.0     2.1   0.859 

Pregnancy rate (PR), %   47 (12.6)   68   0.165 

Calving interval (CI)1, d 366 (9.93) 354 (5.48)   0.300 

    

Fertility results up to 160 d pp    

 PPI to first AI, d   70.7 (6.43)   52.8 (4.34) 0.026 

 Conception rate, % 100   94 0.348 

 PPI to conception, d 147.4 (15.10)   98.1 (10.30) 0.010 

Pregnancy rate (PR), % 100 (5.20)    94 (3.40) 0.348 

Calving interval (CI), d1 430 (15.10) 375 (10.30) 0.005 

1 – Calving interval (CI) – Calculated from PPI to conception + 283 d gestation. 2 – Replacement rate 

calculated on an assumed replacement rate of 20% and CI 365 d. 3 – Combined replacement 

rate for additional days of calving interval + 100 % for replacements.  

 

3.7.2: Milk yield, composition, milking frequency and parity  

The cows that had ACL were of greater parity and had higher milk SCC, and produced greater 

MY, FC, ECM, FPCM, milk fat, protein and solids yields, despite having lower milk fat and 

protein concentrations compared with cows that had TCL up to 130 d pp (Table 3.3). The milk 
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lactose and urea concentrations and voluntary milking frequency did not differ between cows 

that had ACL and TCL during the first 130 d pp.  

 

Table 3.3: Mean yield and composition (± se) of milk of dairy cows that had atypical and 

typical postpartum oestrus cycle length 

  Cycle  length   

  Atypical Typical P value 

Milk yield, kg/d 51.0 (0.52) 47.6 (0.35) <0.001 

FC milk yield, kg/d 1 47.9 (0.56) 46.5 (0.37)   0.037 

ECM yield, kg/d 2 50.5 (0.48) 48.3 (0.32) <0.001 

FPCM yield, kg/d 3 48.9 (0.46) 46.8 (0.31) <0.001 

Milk fat, g/kg 37.8 (0.39) 39.6 (0.26) <0.001 

Milk protein, g/kg  31.7 (0.16) 32.5 (0.11) <0.001 

Lactose g/kg 46.9 (0.08) 47.9 (0.05)   0.583 

Urea, %      0.28 (0.005)      0.27 (0.003)   0.281 

Milk fat, kg/d       1.92 (0.022)      1.86 (0.015)   0.036 

Milk protein, kg/d      1.61 (0.015)      1.53 (0.010) <0.001 

Milk solids, kg/d      3.52 (0.033)      3.39 (0.022)   0.001 

Logbase10 SCC, cells/ml      1.61 (0.030)      1.53 (0.020)   0.021 

Parity, No.      3.60 (0.104)      2.56 (0.07) <0.001 

Milking frequency, No./d        2.97 (0.041)      2.90 (0.037)   0.165 

1 – FC – Fat corrected yield, kg = Milk yield kg x milk fat kg / 40.0. 2 – EC – Energy corrected yield, kg = 

0.327 x milk yield kg + 12.95 x milk fat kg + 7.21 x milk protein kg (Sjaunja et al. 1990). 3 – FPCM = 

Milk kg × ((0.1226 × Fat %) + (0.0776 × Protein %) + 0.2534) (Gerber et al. 2010). 

 

3.7.3: Dry matter intake and feed efficiency 

The total DMI tended to be greater and the pelleted concentrate intake, CO2-eq. from pelleted 

concentrate and activity levels were greater in cows that had ACL compared with TCLs (Table 

3.4). The PMR intake, CO2-eq. from PMR, and time spent on rumination did not differ between 

cows that had ACL and TCL. In terms of FE, cows that had ACL had greater EC, FPCM and 

milk protein production levels per kg of DMI and total DMI per day was lower per kg of EC, 

FPCM and milk protein compared with cows that had TCL. The CO2-eq.  total diet DMI per kg 

of ECM, FPCM and milk protein yield did not differ between cows that had ACL and TCL. 
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Table 3.4: Mean dry matter intake (DMI) (± se), rumination and feed efficiency of dairy 

cows that had atypical and typical postpartum oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Total dry matter intake (DMI), kg/d 24.8 (0.23) 24.3 (0.15)   0.096 

Partial mixed ration intake, kg DM/d 17.7 (0.20) 17.5 (0.13)   0.545 

Pelleted concentrate intake, kg DM/d 9.4 (0.13) 8.9 (0.08)   0.001 

CO2-eq. partial mixed ration, kg DM 2.7 (0.03) 2.6 (0.02)   0.493 

CO2-eq. pelleted concentrate, kg DM 9.4 (0.13) 8.9 (0.08)   0.001 

CO2-eq. total DMI, kg DM 12.1 (0.13) 11.6 (0.09)   0.001 

Rumination, min/d 466 (2.60) 467 (1.69)   0.671 

Activity, steps per day 593 (6.02) 558 (3.91) <0.001 

    

Feed efficiency    

   EC yield1 / kg total DMI, kg    2.07 (0.022)    2.01 (0.014)   0.037 

   FPCM yield 2 / kg total DMI, kg    2.00 (0.021)    1.95 (0.014)   0.035 

   Milk protein/kg DMI, g 65.7 (0.59) 63.7 (0.39)   0.005 

   Total DMI / kg ECM, kg    0.50 (0.005)     0.51 (0.003)   0.016 

   Total DMI / kg FPCM, kg    0.51 (0.005)    0.53 (0.003)   0.015 

   Total DMI / kg milk protein, kg 15.5 (0.134) 16.0 (0.09)   0.002 

1 – EC – Energy corrected yield, kg = 0.327 x milk yield kg + 12.95 x milk fat kg + 7.21 x milk protein kg 

(Sjaunja et al. 1990). 2 – FPCM = Milk kg × ((0.1226 × Fat %) + (0.0776 × Protein %) + 0.2534) 

(Gerber et al. 2010). 

 

3.7.4: Body condition score and live weight 

The mean LW and BCS and range in BCS did not differ at 0, 60, and 120 d pp and pp change 

in LW and BCS between 0 and 60, 60 and 120, and 0 and 120 d pp between cows that has 

ACL and TCLs (Table 3.5).  
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Table 3.5: Mean and range in body condition score BCS (± se) of dairy cows atypical 

and typical postpartum oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Range in body condition 1    

At parturition, 0 d pp 2.50 to 4.20 3.10 to 3.75 0.653 

At 60 d pp  2.00 to 3.75 2.25 to 4.00 0.301 

At 120 d pp 1.75 to 4.25 2.0 to 4.25 0.389 

Mean body condition 1    

At parturition, 0 d pp 3.00 (± 0.114) 3.10 (± 0.076) 0.652 

At 60 d pp  2.83 (± 0.126) 2.99 (± 0.076) 0.229 

At 120 d pp 2.83 (± 0.155) 2.99 (± 0.103) 0.397 

Change in mean body condition    

0 to 60 d pp  -0.20 (± 0.091) -0.10 (± 0.060) 0.377 

60 to 120 d pp 0.00 (± 0.082) -0.00 (± 0.055) 0.971 

0 to 120 d pp -0.20 (± 0.119) -0.10 (± 0.079) 0.501 

1 – Body condition: Assessed (0 to 5 points scale, with 0.25-point intervals) according to AHDB, 2021 

 

Table 3.6: Mean of live weight (± se) of dairy cows atypical and typical postpartum 

oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Live weight, kg 
   

At parturition, 0 d pp 729 (± 22.9) 742 (± 15.2) 0.625 

At 60 d pp  724 (± 21.6) 742 (±14.4) 0.491 

At 120 d pp 742 (± 21.1) 761 (± 14.0) 0.459 

Liveweight change, kg    

0 to 60 d pp  -5.2 (6.63) -0.71 (4.20) 0.576 

60 to 120 d pp 18.4 (4.92) 19.4 (3.20) 0.872 

0 to 120 d pp 13.2 (9.79) 18.7 (6.50) 0.645 

 

3.7.5: Carbon equivalent related to infertility 

The number of days over a 365 CI and RR for addition days over a 365 d CI and infertility 

related replacements and infertility related CO2-eq. at < 130 d pp did not differ between cows 
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that had ACLs and TCLs (Table 3.6), while at 160 d pp the number of days over a 365 d CI 

and RR required due to the greater CI and CO2-eq. related to the days over a 365 CI was 

greater for cows that had ACLs than TCLs. The RR and infertility-related replacements and 

CO2-eq. did not differ between cows that had ACLs and TCLs.  

 

Table 3.7: Carbon dioxide equivalent (± se) of dairy cows that had atypical and typical 

postpartum oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

At 130 d pp:    

  Days over 365 d calving interval (CI), d 1.1 (38.90) -60 (21.5) 0.180 

  Replacement rate for additional CI, % 0.06 (0.544) -0.59 (0.300) 0.301 

  Replacement rate, % 53 (12.6) 32 (8.4) 0.172 

  Infertility related replacements, % 54 (15.2) 31 (6.44) 0.156 

  CO2-eq. for days over 365 d, kg 17 (580) -895 (320) 0.180 

  CO2-eq. for herd replacements CI, kg 2597 (613.0) 1576 (407.0) 0.172 

  CO2-eq for infertility, kg 2599 (616.0) 1556 (409.0) 0.165 

    

At 160 d pp:     

  Days over 365 d calving interval (CI), d 65.4 (15.1) 16.1 (10.3) 0.010 

  Replacement rate for additional CI, % 3.6 (0.83) 0.9 (0.57) 0.010 

  Replacement rate for empty rate, % 0.0 (5.17) 5.9 (3.43) 0.348 

  Infertility-related replacements, % 3.6 (5.19) 6.7 (3.44) 0.618 

  CO2-eq. for days over 365 d, kg 974 (225.0) 240 (154.0) 0.010 

  CO2-eq. for herd replacements, kg 0 (252.0) 286 (167.0) 0.348 

  CO2-eq for infertility 365 CI, kg 974 (325.0) 512 (216.0) 0.242 

1 – Calculated from an assumed RR of 20% and CI of 365 d  2 – Combined CO2-eq for additional 

herd RR and CI greater than 365 and 375 d 

 

3.8: Discussion 

 

3.8.1: Cycle length and fertility 

In this study a large proportion of high-yielding cows exhibited prolonged ACL (Table 3.2), 

which was in keeping with previous studies that equally found that approx. 40% of dairy cows 

exhibit ACLs (Petersson et al. 2006; Windig et al. 2008; Cutullic et al. 2011). Moreover, other 

studies of Holstein Friesian (HF) cows have shown that this breed in particular exhibits more 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
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ACLs than other dairy breeds, such as Jersey (Petersson et al. 2006; Cutullic et al. 2011; 

Piccand et al. 2013). The PPI to first pp P4 rise was longer in cows exhibiting ACLs compared 

with cows exhibiting TCLs, and such delays in the commencement of pp luteal activity have 

been shown to be the most common form of ACL, accounting for between 13 and 30% of the 

variance in PPI to commencement of ovarian activity (Petersson et al. 2006; Windig et al. 

2008; Cutullic et al. 2011). This has been related to individual animal genetics and negatively 

associated with greater MY (Veerkamp et al. 2000; Royal et al. 2002b; Petersson et al. 2007). 

In this study, the cows that exhibited ACLs did have greater MY than cows exhibiting TCLs. 

The PPI to conception and CI was longer for cows that had ACL, however, assuming that ACL 

is directly related to MY would be too simplistic. The exhibition of ACLs is complex, involving 

a combination of factors that include the deleterious effect of higher genetic merit for MY 

(Horan et al. 2004; Pollott and Coffey, 2008; Windig et al. 2008) and while the occurrence of 

prolonged luteal phases have been related to MY (Royal et al. 2002b; Kafi et al. 2012) it may 

be mediated through other biological factors such as NEB and pp loss of BCS (Burke and 

Roche, 2007; Chagas et al. 2008), which affect other fertility-related factors. 

 

3.8.2: Milk yield 

The occurrence of prolonged luteal phase has been directly related to increases in the 

individual milk yield of dairy cows (Royal et al. 2002b; Kafi et al. 2012) and the cows in this 

study that had ACL produced greater amounts of MY, FC, ECM, FPCM, milk fat, protein and 

solids yields, despite having a lower milk fat and protein concentrations compared with cows 

that had TCL (Table 3.3). Milk lactose and urea concentrations and voluntary milking 

frequency did not differ between cows that had ACL and TCL. Greater MYs can increase the 

amount of nutrients partitioned towards MY and extend this beyond early lactation (Leroy et 

al. 2010a), which has been defined in fertility terms as < 70 d pp (Chiba, 2009) and result in 

this coinciding with first insemination, which may lower CR and PR. These, and the PPI to the 

first insemination, are essential in achieving a regular calving CI that is associated with greater 

and more efficient milk production (Royal et al. 2008). Increases in the CI and lower PR 

increases RR, due to the association between greater CI and lower survival rates. Equally 

extending the mating period and increasing the CI to achieve higher PR needs to be 

considered in combination with FE, especially given the negative effect of RR on CO2 eq. and 

milk production costs to summarize sustainable approaches to dairy food security.  

 

Increasing the level of MY of individual cows has often been mentioned as an option to mitigate 

CH4 emission intensity (CH4 emissions per unit of milk produced) due to the dilution of 

maintenance (Capper and Bauman, 2013), and increasing FE (VandeHaar and St-Pierre, 

2006) and the cows in this study that exhibited ACLs did yield greater amounts of milk and 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0145
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0175
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/luteal-phase
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0095
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0015
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0015
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0025
https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/luteal-phase
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0095
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref5
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were more FE in terms of ECM, FPCM, and milk protein production. However, this approach 

neglects the effect of high MY on fertility, which has often been associated with a lower PR 

(Britto et al. 2021) and extended CI (Pryce et al. 1997; Inchaisri et al. 2010), but more 

importantly RR (Bell and Wilson, 2018), however, most studies fail to evaluate the effect of 

MY on FE, along with the effect of CI and PR on RR. The cows that exhibited ACLs in this 

study had greater MYs and while they did not have lower the CR and PR at > 130 d pp and 

final CR and PR, the increased in the PPI to conception and CI increased the number of herd 

replacement rate (RR) compared with those that had TCLs. In most countries, dairy herds 

contain a large proportion of primiparous cows and RR range from 20 to 40% (Le Cozler et al. 

2008).  

 

3.8.3: Body condition and live weight 

In this study, the BCSP of cows that had TCL was within industry-recommended BCSP targets 

(AHDB, 2020) and higher-yielding dairy cows that have greater metabolic demands 

(Markusfeld, Ezra and Galon, 1997) typically mobilize more BCS following parturtion to 

support MY due greater metabolic limitation of pp DMI (Drackley and Reynolds, 2021; 

Margerison, 2022). Cows in higher BCS can experience lower DMI and greater NEB compared 

with cows in optimum BCSP at parturition (Gwazdauskas, Wilcox and Thatcher, 2010), 

however BCS was within industry standards, DMI and BCS at parturition and pp change in 

BCS was not greater in cows that had TCL than ACL. Cows that had ACL had greater MY in 

this study and higher yielding cows tend to mobilize more BCS pp to support milk production, 

which can be detrimental to the health and fertility of the cow (Pryce et al. 1999) and its 

subsequent lifespan (Bell et al. 2010). However, there was no difference in pp loss of BCS 

between cows that had ACL and TCL (Table 3.7) in this study. Despite this, cows that had 

ACL had an extended PPI to first P4 rise, the PPI to conception and CI. The pp change in 

BCS was marginal and well below industry (-0.5 BCS) recommendations (AHDB, 2020) in this 

study and dairy cows that lose < 0.5 pp BCS should return to ovarian activity and first ovulation 

within 30 d pp (Pryce et al. 2001; Garnsworthy, 2006; Patton et al. 2007), which was the case 

in this study in cows that had TCL and ACL. In this study, it is unlikely that BCS had any 

negative effects on ovarian activity (Diskin et al. 2003; Friggens and Chagunda, 2005; Chagas 

et al. 2007; Leroy, et al. 2008; Aguilar-Perez et al. 2009) and involved in extending the PPI to 

conception (Domecq et al. 1997; Lopez-Gatius et al. 2003; Mäntysaari et al. 2022), lowering 

of CR (Butler, 2005), increased infertility (Westwood et al. 2002; Buckley et al. 2003) and/or 

was inadequate nutrient supply having a negative effect on follicular growth, conception and 

pregnancy recognition (Murphy et al. 1991; Diskin et al. 2003; McDougall et al. 2005; Aguilar-

Perez et al. 2009).  

 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0115
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0115
https://onlinelibrary.wiley.com/doi/full/10.1002/fes3.127#fes3127-bib-0026
https://onlinelibrary.wiley.com/doi/full/10.1002/fes3.127#fes3127-bib-0008
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B22
https://www.sciencedirect.com/science/article/pii/S0022030222003514#bib22
https://www.frontiersin.org/articles/10.3389/fsufs.2018.00080/full#B6
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The achievement of recommended BCSP and limited mobilization of BCS during early 

lactation can lower the occurrence of ACL (Cutullic et al. 2012), however despite this the cows 

in this study returning to pp ovarian activity and first ovulation within 30 d pp, of these cows 

that had ACL despite having pp BCS loss < 0.5 BCS during early lactation (< 70 d pp) they 

had longer PPI to conception and CI that has previously been associated with BCS lose > 0.5 

(Pryce et al. 2001; Garnsworthy, 2006; Patton et al. 2007) indicating that the final PPI to first 

AI was longer and PPI to conception and CI were longer for cows that had ACLs than those 

that had TCLs. This was unlikely to be due to the effect of BCSP, BCS loss and NEB on the 

onset of ovarian activity, oocyte quality and CR due to endocrine regulation of changing 

lipogenesis to lipolysis during early lactation (Garcia-Carcia, 2012) and other factors that affect 

this need to be evaluated.  

 

3.8.4: Carbon dioxide equivalents related to calving interval and herd replacement rate 

In this study greater herd RR, due to lower PR and lower survival rates of cows that had ACL, 

while these cows had greater MY and were more FE than cows that had TCL. The feed related 

CO2-eq. emissions / kg FC, EC, FPCM and milk protein did not differ and reduction in CO2-

eq. emissions would need to come from less CO2-eq. emissions related to maintaining and 

milking fewer cows and producing less CO2-eq. emissions related to manure storage, fixed 

costs and herd replacements. Even one percent increase in PR and survival rate of cows 

greatly reduces CO2-eq. emissions per cow (−48 to −53 kg) and per unit milk solids (−91 to 

−98 g/kg) (Bell and Wilson, 2018). While a unit reduction in enteric CH4 would also notably 

reduce CO2-eq. emissions per cow (−48 to −50 kg) and per unit milk solids (−75 to −79 g/kg) 

should the selection for lower emission cows be possible commercially (Bell and Wilson, 

2018). This would require the evaluation of the effect of increased MY on FE, CI and PR and 

replacement rate combined.  

 

This study showed that (Table 3.11) cows that had ACL had an extended 365 d CI and 

additional herd replacements were required due to this greater CI and increased the kg of 

CO2-eq. compared with TCLs. Over the last decades increasing the MY of individual cows has 

been shown to reduce the length of productive life (LPL) markedly (Knaus, 2009) and 

increasing the LPL, lowers the RR by achieving a CI closer to 365 d (Bell and Wilson, 2018) 

along with increasing the PR, could be considered an option to mitigate and reduce GHG 

emissions from the rearing of replacement animals (Zehetmeier et al. 2014; Bell et al. 2015). 

Previous studies have shown that herd replacement rate has the greatest environmental 

impact on dairy systems and the ability to reduce CO2-eq. emissions per cow (−48 to −53 kg) 

and per unit milk solids (−91 to −98 g/kg) per one percent increase in RR (Bell and Wilson, 

2018), which in this study could be achieved by lowering the CI of cows with ACL. In this study, 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0045
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
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at 160 d pp cows that had ACLs did not increase CO2-eq. related to herd replacements 

compared with cows that had TCLs, however RR related to infertility were higher at 130 d pp 

in cows that had ACLs and TCLs, all of which were well beyond the 85 d pp (Grimard et al. 

2006) required to achieve a 365 d and/or even a 375 d CI. This study considered the combined 

effects of increased MY on FE, CI and RR and showed that the evaluation of the effect of CI 

and PR combined are factors that warrant further evaluation along with empty rate and FE in 

a larger scale study.  

 

3.9: Conclusions 

Dairy cows that exhibited ACL in this study had greater FC, EC, FPCM, milk protein, fat and 

MS yields and were more FE in the production of EC, EPCM and milk protein yields. However, 

ACL were not related to poor BCS at parturition and greater pp loss of BCS. Cows that had 

ACL had an extended CI and PR was low at 130 d pp, which increased CO2 eq. related to 

infertility substantially in higher MY cows that were more FE. However, this study was limited 

by the number of cows involved and was unlikely to result in significant correlations between 

factors that may be related to ACL and indicate that this approach needed to be applied using 

larger data sets.  

 

3.10: Further work 

This study showed that ACL was relatively common in high milk yielding FE dairy cows and 

that ACL substantially increased CO2-eq., which in this study was due to RR at 130 d pp and 

an extended CI at 160 d pp rather than RR, which warranted further evaluation in a larger 

study, which require individual feed intake measuring facilities to calculate FE, that potentially 

needed to come from differing sites, to evaluate the correlation between ACL and MY and FE, 

and CI and PR related RR and the potential effect on CO2-eq. emissions from milk production.  
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Appendix 3: Chi-Square tables 

Table: Chi-Square Rows: Cycle length   Columns: Conception / Pregnancy rate < 130 d 

 0 1 All 

Atypical 8 7 15 

  5.816 9.184   

Normal 11 23 34 

  13.184 20.816   

All 19 30 49 

Cell Contents:  Count  Expected count 

Chi-Square Test 

 Chi-Square DF P-Value 

Pearson 1.930 1 0.165 

Likelihood Ratio 1.904 1 0.168 

 

Table: Chi-Square Rows: Cycle length   Columns: Conception / Pregnancy rate < 160 d 

 0 1 All 

Atypical 0 15 15 

  0.612 14.388   

Normal 2 32 34 

  1.388 32.612   

All 2 47 49 

Cell Contents: Count Expected count 

Chi-Square Test 

 Chi-Square DF P-Value 

Pearson 0.740 1 0.348 

Likelihood Ratio 0.734 1 0.342 
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Chapter 4.0 

 

Experiment 3.0 

 

Relationship between ovarian cycle length and milk 

yield, feed efficiency, calving interval, replacement 

rate, and potential carbon emissions from milk 

production 
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Relationship between ovarian cycle length and fertility, milk yield, feed efficiency, 

calving interval, replacement rate, and potential carbon emissions from milk production 

 

4.1: Abstract 

Increasing the milk yield (MY) and feed efficiency of dairy cows is essential in lowering the 

environmental impact and financial cost of milk production and the achievement of net zero 

carbon. However, few studies have collected larger sets of detailed biological data from 

lactating dairy cows to assess the relationship between feed efficiency, fertility, and carbon 

emissions (CO2 eq.). This study aimed to evaluate the occurrence of atypical ovarian cycles 

(ACL) and the relationship with fertility, energy (ECM), fat and protein corrected (FPCM) and 

milk protein yield, feed efficiency (FE), and CO2 eq. related to CI and RR using 88 dairy cows 

that were allocated postpartum (pp) into groups of cows that had ACL and typical cycle length 

(TCL). ACL was relatively common occurring in 30% of cows and increased ovarian cycle 

length (P=0.047), postpartum interval (PPI) to first milk progesterone (P4) rise (P<0.001), PPI 

to the first insemination (P=0.006), and the number of inseminations per conception (P=0.002), 

but had no effect on the CR to first service, PPI to conception, pregnancy rate (PR) and calving 

interval (CI). Moderate correlations existed between ovarian cycle length and the PPI to the 

first AI, the no. of inseminations/conception, and conception rate. There was no difference in 

MY, and FPCM yields, BCS or LW, and pp change in BCS and LW, DMI, FE, RR, and CO2-

eq. related to RR, CI and infertility between cows that had ACL and TCL. Correlation analysis 

showed low strength in the relationship between ovarian cycle length and MY, FE and CI or 

RR. However, cows produced substantial amounts of CO2-eq. due to an extended CI and RR, 

which was highly correlated with RR. It was concluded that the occurrence of ACL was 

relatively common, delaying the PPI first P4 rise and insemination and increasing the number 

of inseminations per conception, which was not related to greater MY, pp BCS loss and FE. 

However dairy cows in this study had substantial amounts of CO2 eq. attributed to an extended 

CI and a greater RR.  

 

Keywords: Ovarian cyclicity, Feed efficiency, Calving interval, Replacement rate, Carbon 

dioxide emissions 

 

4.2: Introduction 

Increasing the milk yield (MY) of individual cows has successfully achieved greater feed 

efficiency (FE) required to dilute the nutrient costs related to animal maintenance and milk 

production (VandeHaar and St-Pierre, 2006; Capper et al. 2009; Reynolds et al. 2011; 

Garnsworthy et al. 2012; Knapp et al. 2014). While this is essential in maintaining global 

warming < 1.5°C up to 2030 and achieving net zero emissions by 2050 (UN, 2022), increasing 
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the MY of dairy cows can have a deleterious effect on the regularity of ovarian cyclicity (Horan 

et al. 2004; Pollott and Coffey, 2008; Windig et al. 2008) and extend the calving interval (CI) 

(Experiment 2) (Pryce et al. 1997; Inchaisri et al. 2010). Moreover lower pregnancy rate (PR) 

(Brito, 2021) increased herd replacement rate (RR) and CO2 eq. related to CI and RR 

(Experiment 1 and 2), which are considered to be an optimal indicator of the profitability (Bell 

and Wilson, 2018) of dairy herds. The return to ovarian activity, conception rate and the 

subsequent postpartum interval (PPI) to conception are important parameters that evaluate 

the reproductive and economic performance of the dairy herd (Harman et al. 1996). Minimising 

the days open is economically beneficial in increasing milk yield in relation to labour and feed 

costs (Inchaisri et al. 2010) and in increasing the number of calves born (Cabrera, 2014) and 

lifetime productive days (González-Recio et al. 2004). An annual calving interval was 

considered an optimal indicator of fertility and profitability of dairy herds (Pryce et al. 1997; 

Inchaisri et al. 2010; Bell and Wilson, 2018) and reduced carbon dioxide emissions (CO2-eq.) 

for milk production related to a greater calving interval (CI) (Bell and Wilson, 2018; Experiment 

2).  

 

Greater genetic merit for milk yield has been cited to be responsible for 13 to 30% of the 

observed variance in ovarian activity (Veerkamp et al. 2000; Royal et al. 2002b; Petersson et 

al. 2007), which is mainly related to a delayed first ovulation (Petersson et al. 2006; Cutullic et 

al. 2011; Experiment 2). Greater individual cow milk yield has been found to lower pregnancy 

rates (PR) (Brito et al. 2021; Experiment 1), which reduces the productive length of dairy cows 

(Knaus, 2009) and increases herd culling due to infertility (Pryce et al. 1997; González-Recio 

et al. 2004; Inchaisri et al. 2010; Cabrera, 2014). This increases breeding costs (González-

Recio et al. 2004; Cabrera, 2014) and herd replacement rate (RR) (Zehetmeier et al. 2014; 

Bell et al. 2015), which increases CO2-eq. (Experiment 1). This has a substantive negative 

effect on the financial cost (Yusuf et al. 2011; Horn et al. 2012; De Vries, 2017; Bell et al., 

2015), lowering the number of calves born (Cabrera, 2014) and lifetime productive days 

(González-Recio et al. 2004), increasing the CO2-eq. of dairy production systems (Bell and 

Wilson, 2018; Experiment 1 and 2). However, there are few published studies have collected 

adequate amounts of biological data to assess the occurrence of ACL and its relationship with 

the PPI to conception and CI, PR and RR, and CO2-eq. related to infertility and the production 

of milk for human consumption, using larger numbers of cows, a wider range of milk yields, 

and the inclusion of fat and protein-corrected milk production.  

 

4.3: Aim and objectives 

The aim of this study was to evaluate the occurrence of atypical cycles and the relationship 

with fertility, milk production, and FE and its effect on CO2-eq. related to CI, RR, and milk 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0175
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0165
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0135
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0140
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0040
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
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production. The objectives were to assess pp cycle length and occurrence of ACLs and assess 

the strength of relationship between ACL and the PPI to first P4 rise and conception rate, PR 

and CI, milk component yield, FE, and CO2-eq. related to feeding, CI, RR, and fat and protein-

corrected milk (FPM) production to evaluate the main factors contributing to the Co2-eq.  

 

4.4: Materials and methods 

 

4.4.1: Study location and ethical approval 

This study was completed using data that had been collected previously at the University of 

Nottingham (UoN) (Leicestershire, UK) and Harper Adams University (HAU) (Shropshire, UK) 

between April and December 2013. All the animal management, sample collection and 

research activities were completed under the authority of the United Kingdom Animal 

(Scientific Procedures) Act 1986 and with the prior approval of the appropriate UoN and HAU 

animal ethics committees.  

 

4.4.2: Experimental animals 

 

Fig 4.1: Schematic of the proportion of cows that had atypical (ACL) and typical (TCL) 

cycle lengths from the University of Nottingham (UoN) and Harper Adams University 

(HAU) experimental sites 

 

  co s (   ) and  ange
MY 10,300 ( 761.5) L/yr; Parity 2.5 ( 0.13) 1 to 6, LW 627 ( 7.2) kg; BCSP of 2.7 ( 0.06) 1.75 to 3.75

 o    co s (   )  ange
MY: 41.3 ( 1.11)

Parity: 2.5 ( 0.19) 1 to 6

pp LW: 614 ( 8.8) kg

BCSP: 2.9 ( 0.10) 2.5 to 3.75

      co s (   )  ange
MY: 36.9 ( 1.10)

Parity 2.5 ( 0.19) (1 to 6)

pp LW 647 ( 8.4) kg

BCSP of 2.5 ( 0.11) 1.75 to 3.0

 o    
Cows 11 / 26%

Parity: 2.0 ( 0.37) 1 to 3

pp LW: 622 ( 17.0) kg

BCSP: 3.0 ( 0.25) 2.75  3.0

 o    
Cows 32 / 74%

Parity 2.7 ( 0.22) 1 to 6

pp LW 611 ( 10.5) kg

BCSP: 2.9 ( 0.24) 2.5 2.75

      
Cows 15 / 33%

Parity: 2.3 (  0.32) 1 to 3 pp

LW: 650 ( 14.5) kg

BCSP: 2.5 ( 0.20) 2.25 3.0

      
Cows 30 / 67 %

Parity 2.6 (  0.23) 1 to 6

pp LW 646 ( 10.5) kg

BCSP: 2.5 ( 0.21) 2.75 3.5

     o               alues ( ange)

No. / proportion of cows: 0.834

MY: 0.419

Parity: 0.413 (1 to 6)

pp LW: 0.068

BCSP: 0.960 (1.75 to 350)

   alues ( ange)

MY: 0.006

Parity: 0.866 (1 to 6)

pp LW: 0.007

BCSP: 0.960 (1.75 to 3.50)
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This study was carried out using 88 Holstein-Friesian dairy cows (43 at UoN and 45 at HAU) 

that were selected at random from all year-round calving herds at 10 to 14 d pp (Fig 3.1) and 

were offered one of three experimental diets that had typical (TPHS) or low dietary crude 

protein with higher (LPHS) and lower (LPLS) starch concentrations. The animals in this study 

calved over a 126-d period, had a mean parity of 2.5 (± 0.13) ranging from 1 to 6, LW of 627 

(± 7.2) kg and BCS of 2.66 (± 0.38) ranging from 1.75 to 3.75 at parturition and were allocated 

retrospectively into one of two groups according to the pp exhibition of ACL and TCL as 

described previously in Experiment 1. The experimental site (P=0.571) and diet (P=0.124) had 

no effect on the number and or proportion of cows that had ACL and TCL, despite the LW of 

cows being greater at HAU compared with UoN (Fig 4.1).  

 

4.4.3: Animal housing and management 

At UoN and HUA the cows were housed in the same area of a free stall building that was fitted 

with 5% spare cantilever cubicles, which were fitted with foam filled mats that were cleaned 

and bedded daily, using sawdust that was replenished and they had lime flour applied weekly. 

At UoN and HAU the feed and cubicle alleys were fitted with solid concrete floors that were 

scraped four times and twice daily respectively. At UoN cows were milked automatically up to 

3 times daily by a milking robot (A3 Astronaut, Lely UK Ltd, St Neots, UK), while cows at HAU 

cows were milked twice daily at approx. 06:00 and 16:00 h through a 40-bale rotary parlour 

(GEA Farm Technologies, Germany) on which concentrates were not offered during milking. 

All cows had access to fresh clean water ad-libitum.  

 

4.4.4: Diets and animal feeding 

The concentrated feed ingredients used in the preparation of the mixed ration and offered at 

milking were supplied, in the same batches, to UoN and HAU (Phoenix Feeds Ltd, 

Ramsgreave, Lancashire, UK). At HAU the mixed ration was mixed (Table 4.1a) using a 

compact forage diet mixer (Keenan, Warwickshire, UK) (± 1 kg) and mix and smart feeder 

system (Mullerup, Ullerslev, Denmark) at UoN. Individual animal mixed ration fresh matter 

intake (± 0.1 kg) was measured using an automated feed intake measuring systems at HAU 

(Insentec (Marknesse, Netherlands) and UoN (Fullwood Ltd, Ellsmere, UK) that were operated 

using electronic individual animal identification ear mounted tags. The PMRs were offered 

adlibitum at ≥ approx. 10% daily mixed ration intake and individual samples of pasture and 

maize silage (≈ 500 g DM) were collected twice weekly, oven dried and used to adjust the ratio 

of maize:grass silage on a DM basis (Table 4.1a). The cows at UoN had access to 

supplementary concentrates at a rate of 7.35 kg/d FM, which was limited to a maximum of 3.5 

kg at any one visit and distributed by the milking robot (Table 4.1 a and b). At HAU the 

equivalent feed ingredients were supplied as straights and blends as a total mixed ration. 
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4.4.5: Feed samples, analysis, carbon equivalents and feed intake 

 

Table 4.1a: Composition of mixed ration and concentrate feeds offered to dairy cows 

that had atypical and typical oestrus cycles 

1- Minerals and vitamins: Calcium, 18%; phosphorus, 10%; magnesium, 5%; salt, 17%; copper, 2,000 

mg/kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; iodine, 500 mg/kg; 

selenium, 25 mg/kg; vitamin A, 400,000 IU/kg; vitamin D3, 80,000 IU/kg; and vitamin E, 1,000 mg/kg 

(ABN Ltd., Peterborough, UK). 

 

Individual samples (≈ 500 g DM) of the PMR, silages, straw and blended and pelleted 

concentrates were collected twice weekly and frozen at -20°C. These feed samples feeds 

were subsequently pooled monthly and analysed (Sciantec Analytical, Cawood, North 

Yorkshire, UK) for NDF and ADF concentration, determined sequentially according to Van 

Soest et al. (1991) using a heat-stable α-amylase (Sigma, Gillingham, UK) with the omission 

of sodium sulphite and starch concentration, which was determined according to method 

996.11 (AOAC, 2012). The CP concentration was determined using the DUMAS method 

990.03 (AOAC, 2012) using a Leco Truspec Analyser, while water soluble carbohydrates 

(WSC) were determined according to MAFF (1986) and metabolizable energy (ME) was 

 
Partial mixed ration 

(kg DM/d/cow) 

Pelleted concentrates 

(g/kg) 

Grass silage 11.0  

Maize silage  9.1  

Wheat straw 0.5  

Wheat  - 68 

Maize grain  - 68 

Sugar beet pulp  - 177 

Wheatfeed  - 109 

Soya hulls  - 238 

Cane molasses  0.12 68 

HiPro soya  - 422 

Protected soya  1.7 136 

Rapeseed meal  2.0 136 

Urea - 16 

Rumen protected fats  - 28 

Minerals and vitamins 1 0.22  
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determined using the calculations detailed by MAFF (1993). The silage analysis was 

completed using NIR (FOSS, 5000) by applying the appropriate spectra models for maize and 

grass silages. The individual animal dry matter intake and Co2-eq of the diet were calculated 

as described in Experiment 2.  

 

Table 4.1b: Nutrient concentrations of mixed ration and concentrate feeds offered to 

dairy cows that had atypical and typical oestrus cycles 

1 - Co2 eq. / kg, kg was calculated using data from Feed Print for each feed source and component in 

the mixed ration and concentrate component of diet.  

 

4.4.6: Live weight and body condition 

At UoN cows were weighed using the milking robot (Experiment 2) and used to calculate an 

average over a 14-d period, while at HAU cows were weighed manually and LW was reported 

at 14 d intervals. The BCS was assessed at 14 d intervals, as described in Experiment 2, by 

the same operator at each site, following a period of joint training and assessments to minimise 

differences between BCS assessment between UoN and HAU. 

 

4.4.7: Milk composition, progesterone concentrations and fertility 

This study was completed using milk progesterone data that had already been assessed at 

UoN and HAU composite milk samples (20 ml) were collected over a 12 h period from the pm 

and following day pm milking at 14 d intervals and analysed as described in Experiment 1 prior 

to being analysed by NIR for milk fat, protein, SCC and urea concentration at National Milk 

Laboratories (Wolverhampton, UK). Milk progesterone concentrations were determined as 

previously described in Experiment 1. The P4 detection limit was 1.5 ng/ml and the mean intra 

and inter assay coefficients of variation were 7.1 and 8.6%, respectively. The incidence of 

atypical ovarian activity was determined using milk progesterone concentrations in 

accordance with Lamming and Darwash (1998) using milk progesterone concentrations 

 Mixed ration Concentrates 

Dry matter, % 48.2 86.5 

CP, % DM 16.8 18.2 

ME, MJ/Kg DM 11.6 12.5 

NDF, % DM 35.9 5.1 

Starch and sugar, %DM 36.4 38.2 

Oil, % DM  4.00 4.70 

Co2 eq. / kg, kg1 0.35 1.32 
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described in Experiment 1 to assess the occurrence of delayed ovulations type I and type II 

(i.e., pro-longed inter-luteal interval) and persistent CL. The PPI to first P4 rise, PPI to 

conception, conception, PR, RR, CO2-eq. were calculated, and animal was evaluated as 

described in Experiments 1 and 2. In this study, used this data that had been collected 

previously to allocated the cows into groups that had ACL and TCL.   

 

4.4.8: Statistical analysis 

Data was collated in Microsoft Office Excel 2016 and used to calculate weekly mean values 

for MY, milk fat, protein, lactose, SCC and urea, LW, DMI, PPI to first P4 rise, PPI to first 

ovulation, oestrus cycle length between subsequent cycles, number of inseminations, CR, PR 

and PPI to conception and CI. The mean weekly data for MY, corrected MY, milk fat, protein, 

lactose, SCC and urea, BCS, LW, DMI, PPI to first P4 rise, PPI to first ovulation, oestrus cycle 

length between subsequent cycles, number of inseminations, CR, PR and PPI to conception 

and CI were assessed using the Anderson-Darling test for normality of distribution using 

Minitab statistical software (Version 17.2.1, 2016, State College, PA) and found to be normally 

distributed except for the milk SCC, which was transformed using the logbase10, prior to 

analysis. The effect of previous diet treatment on the number/proportion of cows, previous milk 

yield, parity, BCS and LW of cows that had ACL and TCL was assessed using the general 

linear model (GLM) ANOVA command by each variable/ response using animal as a random 

effect and previous diet and ACL and TCL as fixed effects in the model. The effect of ACL and 

TCL were assessed mean BCS was assessed using regression analysis, using BCS as 

categorical data and ACL and TCL as fixed effect and animal as a random effect in the model. 

The weekly mean milk yield, composition, FCM, ECM, FPCM, total protein and fat, and milk 

solids (MS) and lactose, feed intake, BCS, feed efficiency, milking frequency, animal activity 

and calculated CO2 eq. were analysed using the General Linear Mixed Model (GLM) 

command in ANOVA by each variable/ response using animal as a random effect and ACL 

and TCL as fixed effects in the model. The number of cows that had ACL and TCL, conception 

rate and the number of inseminations were assessed using Chi-square test, using ACL and 

TCL as row and response as a column in the table. Data were reported as means (± SE) with 

P values and the existence of significant differences between means and median were 

reported at a P<0.05, while tendencies were reported at P<0.10. The relationship between 

variables was assessed using Person’s correlation and the strength of any correlation between 

ovarian cycle length and the key performance indicators of fertility, body condition score (BCS) 

and pp change in BCS, milk yield, feed intake, and feed efficiency were assessed, and the 

strength of these relationships using R values from which little to weak (0.000 to 0.400); 

moderate (0.500 to 0.700) and high (> 0.800) correlation relationships are presented in Tables.   
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4.5: Results 

 

4.5.1: Reproductive performance 

 

Table 4.2: Mean reproductive performance (± se) of dairy cows that had atypical and 

typical oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Observations, No. cows 26 62 - 

PPI to first pp P4 rise, d1 54.7 (2.51) 24.4 (1.63) <0.001 

Mean cycle length 39.5 (2.11) 24.5 (2.80) 0.047 

PPI to first artificial insemination, d1 78.2 (4.18) 66.2 (2.52) 0.016 

Conception rate to first insemination, % 17.0 (4.1) 16.3 (5.0) 0.814 

PPI to conception, d1 95.2 (6.80) 89.0 (3.92) 0.433 

Artificial insemination / conception, No. 2.1 (0.17) 2.7 (0.11) 0.002 

Pregnancy rate (PR), % 35 (9.7) 44 (6.3) 0.437 

Calving interval 2, d 378 (6.80) 372 (3.92) 0.433 

1 PPI - postpartum interval 2 Calving interval was calculated from PPI to conception, plus a 283 d 

of gestation.  

 

Table 4.3: Pearson correlation R values1 between ovarian cycle length and key 

performance indicators of fertility 

 

Ovarian 

CL, d 

PPI 1st 

>P4 rise, d 

PPI to 1st 

AI, d 

CR, 

% 

PPI to 

conception, d 

No AI/ 

conception 

PR, 

% 

PPI 1st >P4 rise, d -0.339       

PPI 1st AI, d 0.562 0.334      

Conception rate (CR), % -0.352 -0.280 -0.518     

PPI Conception, d 0.145 0.327 0.454 0.446    

AI / conception, No. -0.404 -0.306 -0.493 1.000 0.446   

Pregnancy rate (PR), % -0.027 -0.012 0.072 0.000 0.000 0.051  

Calving interval (CI), d 0.145 0.327 0.454 0.446 1.000 0.446 -0.000 

1 - R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

The occurrence of ACL in this study was 30 % and the cycle length was 15.0 d longer, PPI to 

first P4 rise was 30.3 d longer, PPI to the first insemination was 12 d longer and the number 
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of inseminations required per conception was 0.6 greater (Table 4.2) compared with cows that 

had TCL. The CR, PPI to conception, PR and CI did not differ between cows that has ACL 

and TCL. The correlation between ovarian cycle length and the key indicators of fertility was 

very weak, except for PPI to first AI and between the number of artificial inseminations and 

conception rate (Table 4.4).  

 

4.5.2: Body condition score and live weight 

The BCS and LW and pp change in BCS and LW of cows that had ACL did not differ from 

cows that had TCL, except for an increase in LW that was greater by cows that had TCL 

between 60 and 120 and 0 and 120 d pp (Table 4.4).  

 

Table 4.4: Range and mean of body condition score and live weight (± se) of dairy cows 

that had atypical and typical oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Range in body condition (0 to 5) 1    

At parturition, 0 d pp 2.50 to 3.00 2.50 to 3.00 0.956 

At 60 d pp  2.25 to 2.75 2.5 to 3.75 0.453 

At 120 d pp 2.50 to 3.25 2.50 to 3.25 0.845 

Body condition (0 to 5) 1    

At parturition, 0 d pp 2.7 (0.08) 2.7 (0.05) 0.936 

At 60 d pp  2.6 (0.10) 2.7 (0.06) 0.443 

At 120 d pp 2.8 (0.11) 2.8 (0.07) 0.854 

Change in body condition (0 to 5)    

0 to 60 d pp  -0.08 (0.064) -0.01 (0.042) 0.314 

60 to 120 d pp 0.16 (0.053) 0.10 (0.035) 0.320 

0 to 120 d pp 0.08 (0.070) 0.09 (0.046) 0.868 

Live weight, kg    

At parturition, 0 d pp 628 (13.3) 623 (8.6) 0.348 

At 60 d pp  635 (12.0) 625 (7.9) 0.509 

At 120 d pp 640 (11.9) 643 (7.8) 0.845 

Liveweight change, kg    

0 to 60 d pp  -2.7 (5.81) 2.8 (3.79) 0.427 

60 to 120 d pp 5.0 (4.36) 17.3 (2.85) 0.020 

0 to 120 d pp 2.2 (6.87) 20.1 (4.49) 0.032 

1 – Body condition score assessed on a 0 to 5 points scale, with 0.25-point intervals (AHBD dairy 2020) 
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The correlation between ovarian cycle length and BCS and pp change in BCS was very weak 

(Table 4.5). There were moderately high positive correlations between BCS at parturition (0 d 

pp) and 60 d pp and 130 d pp, and between 60 d pp and 130 d pp. The correlation between 

ovarian cycle length and LW, and pp change in LW was very weak (Table 4.6), however there 

as a high positive correlation between LW at parturition (0 d pp) and 60 d pp, and a moderately 

high correlation between the change in LW between 0 to 60 d pp and 0 to 130 d pp.  

 

Table 4.5: Pearson correlation R values1 between ovarian cycle length and body 

condition score and postpartum change in body condition score 

 Ovarian cycle  Body condition  Body condition change 

 length, d 0 d pp 60 d pp 130 d pp 0 to 60 d 60 to 130 d 

Body condition       

  0 d pp -0.026      

  60 d pp -0.068 0.746     

  130 d pp -0.002 0.779 0.876    

Change in body condition      

  0 to 60 d pp -0.071 -0.118 0.573 0.348   

  60 to 130 d pp 0.114 0.276 0.023 0.502 -0.306  

  0 to 130 d pp 0.026 0.102 0.544 0.704 0.686 0.483 

1 - R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

Table 4.6: Pearson correlation R values1 between ovarian cycle length and live weight 

and postpartum liveweight change 

 Ovarian cycle Live weight, kg Liveweight change, kg 

 Length, d 0 d pp 60 d pp 130 d pp 0 to 60 d pp 60 to 130 d pp 

Live weight, kg       

  0 d pp -0.052      

  60 d pp -0.075 0.908     

  130 d pp -0.056 0.481 0.529    

Liveweight change, kg      

  0 to 60 d pp -0.007 -0.436 -0.035 -0.043   

  60 to 130 d pp -0.023 -0.167 -0.193 0.120 -0.084  

  0 to 130 d pp -0.021 -0.466 -0.151 0.041 0.772 0.568 

1 - R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 
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4.5.3: Milk yield and composition, feed efficiency and carbon equivalent contribution  

The MY, FC, ECM, FPCM, milk fat concentrations, milk fat, protein, milk solids, logbase10 SCC, 

and parity of cows did not differ between cows that had ACL and TCLs (Table 4.7). The mean 

feed intake and the efficiency with which feed was converted into ECM, FPCM and milk protein 

and amount of ECM, FPCM and milk protein that was produced per kg DMI did not differ 

between cows that had ACL and TCL (Table 4.8). However, the DMI during the first 14 d pp 

was 1.12 kg (± 0.67) lower than cows that had TCL.  

 

Table 4.7: Mean yield and composition (± se) of milk from dairy cows that had atypical 

and typical oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Milk yield, kg/d 42.2 (1.29) 41.2 (0.84) 0.532 

FC milk yield, kg/d 1 43.4 (1.54) 44.3 (1.00) 0.643 

ECM yield, kg/d 2 45.9 (1.35) 46.1 (0.90) 0.909 

FPCM yield, kg/d 3 42.4 (1.24) 42.6 (0.81) 0.874 

Milk fat, g/kg 41.5 (1.20) 43.3 (0.80) 0.222 

Milk protein, g/kg  31.9 (0.53) 32.8 (0.44) 0.163 

Milk fat, kg/d  1.74 (0.061) 1.77 (0.040) 0.634 

Milk protein, kg/d 1.34 (0.039) 1.35 (0.024) 0.862 

Milk solids, kg/d 3.07 (0.093) 3.12 (0.060) 0.701 

Logbase10 SCC, cells/ml 1.56 (0.041) 1.50 (0.030) 0.362 

Parity, No. 2.19 (0.241) 2.65 (0.156) 0.119 

1 – FC – Fat corrected milk yield, kg = Milk yield kg x milk fat kg / 40.0 2 – EC – Energy corrected yield, 

kg = 0.327 x milk yield kg + 12.95 x milk fat kg + 7.21 x milk protein kg (Sjaunja et al. 1990) 3 – FPCM 

= Milk kg × ((0.1226 × Fat %) + (0.0776 × Protein %) + 0.2534) (Gerber et al. 2010) 

 

The correlation between ovarian cycle length (OCL) and ECM, EPCM yield, mean dry matter 

intake (DMI) and the feed efficiency (FE) with which milk produced from mean DMI was low. 

There was little to no correlation between ovarian cycle length and milk yield, dry matter intake, 

and feed efficiency (Table 4.9), however, there was a moderate correlation between FE of milk 

protein and FE of ECM and EPCM yield / kg DMI.  
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Table 4.8: Mean feed intake (DMI) (± se) and feed efficiency of dairy cows that had 

atypical and typical oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Feed intake, kg DM/d 22.9 (0.56) 23.7 (0.36) 0.195 

EC milk yield/kg total DMI, kg1 1.13 (0.016) 1.14 (0.010) 0.481 

FPCM yield/kg total DMI, kg2 1.04 (0.015) 1.05 (0.010) 0.440 

Milk protein/kg dry matter intake, g 32.8 (0.61) 33.3 (0.39) 0.491 

Total dry matter intake/kg ECM, kg 0.89 (0.013) 0.88 (0.008) 0.519 

Total dry matter intake/kg FPCM, kg 0.97 (0.014) 0.96 (0.009) 0.470 

Total dry matter intake/kg milk protein, kg 29.7 (0.47) 28.3 (0.37) 0.487 

1 – EC – Energy corrected milk yield, kg = 0.327 x milk yield kg + 12.95 x milk fat kg + 7.21 x milk protein 

kg (Sjaunja et al. 1990) 2 – Fat and protein corrected milk yield (FPCM) = Milk kg × ((0.1226 × Fat %) 

+ (0.0776 × Protein %) + 0.2534) (Gerber et al. 2010) 

 

Table 4.9: Person correlation R values1 between ovarian cycle length and milk yield, dry 

matter intake (DMI) feed efficiency 

 

Ovarian cycle 

length, d 

ECM yield, 

kg 

EPCM yield, 

kg 

DMI, 

kg/d 

ECM 

yield/DMI 

EPCM 

yield/DMI 

ECM milk yield, kg/d 0.003      

EPCM milk yield, kg/d 0.005 1.000     

DMI, kg/d 0.069 0.501 0.503    

ECM yield/DMI, kg/kg 0.057 0.557 0.571 0.348   

EPCM yield/DMI, kg/kg 0.059 0.541 0.556 0.341 0.999  

Milk protein/DMI, g/kg 0.061 0.160 0.173 0.250 0.602 0.611 

1 - R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

The replacement rate, additional days over a 365 d CI and related kg of CO2-eq. related to the 

additional days CI, replacement rate, and infertility did not differ between cows that had ACLs 

and TCLs (Table 4.8). The correlation between ovarian cycle length and RR, days over a 365 

d CI and CO2-eq. related to RR, CI and infertility (Table 4.9), however the CO2-eq. related to 

infertility was very highly correlated with CO2-eq. related to RR.  
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Table 4.8: Mean replacement rate, additional days of calving interval and related carbon 

equivalent (± se) of dairy cows that had atypical and typical oestrus cycle length 

  Cycle length   

  Atypical Typical P value 

Replacement rate, % 65 (9.7) 56 (6.3) 0.443 

Days over 365 d calving interval (CI), d 13.2 (6.80) 7.0 (3.92) 0.442 

CO2-eq. for additional days CI, kg 1 197 (101.0) 104 (58.5) 0.442 

CO2-eq. replacement rate, kg 2 3184 (473.1) 2749 (307.0) 0.443 

CO2-eq. infertility, kg 3 3252 (462.1) 2795 (299.0) 0.408 

1 – Calculated using an assumed replacement rate of 20% and CI of 365 d to calculate additional CO2 

eq. /d of addition CI using CO2-eq of 14.9 kg/d CI and addition replacements at CO2-eq. 48.7 kg / % 

increase in replacement rate 2 – Replacement rate calculated assuming a replacement rate of 20% 

and CI 365 d using CO2 eq. of 48.7 kg / % increase in replacement rate  3 – Infertility was calculated 

as the combined 1 addition days of calving interval and 2 replacement rate 

 

Table 4.9: Person correlation R values1 between cycle length and replacement rate (RR), 

days over a 365-d calving interval (CI) and CO2-eq. related to CI, RR and infertility 

 

Cycle 

length 

RR 

% 

Days over 

365 d CI 

CO2-eq. 

RR, % 

CO2-eq. 

infertility 

Replacement rate (RR), % -0.027     

Addition days calving interval (CI), d 0.145 *    

CO2-eq. additional days CI, kg 2 0.145 * 1.000   

CO2-eq. replacement rate (RR), kg 3 0.027 -1.000 -0.000   

CO2-eq. infertility, kg 4 0.036 -0.997 1.000 0.997 -0.119 

1 – R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

2 – Calculated using a RR of 20% and CI of 365 d to calculate additional CO2 eq. /d of addition CI using 

CO2-eq of 14.9 kg/d CI and addition replacements at CO2-eq. 48.7 kg / % increase in replacement rate 

3 – RR calculated assuming a n RR of 20% and CI 365 d using CO2 eq. of 48.7 kg / % increase in 

replacement rate  4 – Infertility calculated as combined 2 and 3   

 

4.6: Discussion 

 

4.6.1: Reproductive performance 

The occurrence of ACL was relatively common, increasing the PPI to first P4 rise, ovarian 

cycle length, PPI to the first insemination and the number of inseminations required per 
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conception. Both delayed cyclicity and the cessation of cyclicity had statistically significant 

correlations with calving season, calving interval group, and type of P4 profile in previous 

lactation (Petersson et al. 2006). Calving to first heat was delayed in cows with delayed 

cyclicity by 12 days (P 0.01) compared to cows with normal P4 profiles, and calving to first 

service was delayed in cows with any abnormal P4 profile (P 0.01) (Nyman et al. 2014). In this 

study the CR, PPI to conception, PR, and CI did not differ between cows that had ACL 

compared with TCL, however the PPI to conception was greater than 80 d. Cows with longer 

days to first heat and days to first service are expected to also have longer days open because 

days to first heat, days open, and days to first service are associated traits, high genetic 

correlations were found between days to first heat, days open, and days to first service 

therefore, these seem to be various measures of what is in fact the same trait (Pryce et al. 

1999). The PR was low at 130 d pp. Compared to cows with normal postpartum ovarian cycles, 

cows with longer luteal phases had lowered rates of AI submission, conception within 100 

days postpartum, and pregnancy within 100 days postpartum  (Shrestha et al. 2005). The 

correlation between ovarian cycle length and the key indicators of fertility was low, except for 

PPI to first AI and between the number of artificial inseminations and conception rate. All 

indices of fertility were found to have a positive phenotypic correlation with the interval PP 

ovulation (Lamming and Darwash, 1998). The genetic correlation between the abnormal 

reproductive patterns and calving interval and interval between calving and first insemination 

ranged between 0.27 (±0.07) and 0.54 (±0.05), for the trait total the genetic correlation with 

calving interval was 0.74 (±0.10), and the genetic correlation between the trait total and PPI 

first insemination was 0.90 (±0.08) (Van Binsbergen et al. 2019).  

 

4.6.2: Body condition score and live weight 

The BCS and pp change in BCS cows that had ACL did not differ from cows that had TCL and 

was well within industry recommended pp BCS. According to Dillon et al. (2006) cows that 

have a low BCS at calving and/or those that experience excessive pp BCS loss during early 

lactating are less likely to ovulate, have lower artificial insemination submission rates, CR to 

first-service and 6-week in-calf rates and are more likely to experience pregnancy loss and 

have longer PPI to conception. Cows with delayed cyclicity exhibited extended periods of 

negative energy balance, lower live weight, and the greatest pp BCS losses (Taylor et al. 

2003). Other studies that found no difference in the BCS at parturition and at 21 d pp, however 

found that cows that had a delayed first ovulation had a considerably lower BCS much later at 

5, 7, 9, and 11 weeks pp and that this was related to lengthy luteal phases (Shrestha et al. 

2005). Conversely, cows with a BCS of 3.0 had a higher chance of experiencing dystocia or a 

retained placenta (Hoedemaker et al. 2009), however, cows in this study had a BCS at 

parturition well within industry recommended standards (AHDB, 2020). Equally, the pp 
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changes in BCS following parturition were minimal, changes in BCS prior to and after 

parturition Shrestha et al. (2005) found that cows that had greater BCS losses at 21 d pp had 

a greater risk of delays in the resumption of ovarian cyclicity and delayed first ovulation. 

However, in this study the pp changes in BCS and correlation between ovarian cycle length 

and BCS and pp change in BCS was low. In this study there were moderately high positive 

correlations between BCS at parturition (0 d pp) and 60 d pp and 130 d pp, and between 60 d 

pp and 130 d pp. Other studies have noted a significant correlation between BW and BCS, 

days pp and parity (Meikle et al. 2004), however in this study parity had no effect.  

 

4.6.3: Milk yield and composition,  

The MY, FC, ECM, FPCM, milk fat concentrations, milk fat, protein, milk solids, logbase10 SCC, 

and parity of cows did not differ between cows that had ACL and TCLs and there was little to 

no correlation between ovarian cycle length and ECM and FPCM yield. Shrestha et al. (2005) 

equally found no effect of the 305 d MY on the resumption of ovarian activity, prolonged luteal 

phase and delayed first ovulation. While in terms of genetic correlations, Veerkamp et al. 

(2000) found PPI to luteal activity was highly negatively associated with milk, fat, and protein 

yields (0.51, 0.65, and 0.48, respectively). Moreover, Bell and Wilson (2018) found that lower 

milk solids were associated with an increase in survival and a decrease in CO2-eq emissions 

per cow and per unit  

 

4.6.4: Dry matter intake and feed efficiency 

The feed intake and efficiency with which feed was converted into ECM, FPCM and milk 

protein and the amount of ECM, FPCM and milk protein that was produced per kg DMI did not 

differ between cows that had ACL and TCL. The pp NEB has been found to be correlated with 

the interval from calving to first ovulation (Beam and Butler, 1999) of which DMI is an important 

element and cows that ovulate later for the first time have been found to have lower DMI 

compared with those that ovulated earlier during the postpartum period and equally produced 

more FCM yield (Lucy et al. 1992). While the cows in this study that had similar mean DMI, 

the cows that had ACL had lower DMI during the first 14 d pp. Lucy et al. (1992) also reported 

that, compared to multiparous cows, primiparous cows had lower NEB and tended to have 

longer intervals until first ovulation, but the average time to pregnancy was the same for both 

types of cows.  There was little to no correlation between ovarian cycle length and dry matter 

intake, and feed efficiency, however, there was a moderate correlation between FE of milk 

protein and FE of ECM and EPCM yield / kg DMI. 
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4.6.5: Carbon equivalent contribution of fertility 

The PPI to conception and calculated CI was greater than 365 d and the PR was low at 130 

d pp, which resulted in a high RR in cows that had ACL and TCL. The CO2-eq. related to the 

additional days CI and replacement rate was substantial. The CO2-eq. associated with RR, CI 

related infertility, was very highly correlated with CO2-eq. related to RR. Methane emissions 

under milk restrictions fall off exponentially as milk yield rises, methane emissions inside the 

milk yield levels fall with increased fertility (Garnsworthy, 2004).  

 

4.7: Conclusions 

In dairy cows, ACL is relatively common occurring in a similar proportion of cows at UoN and 

HAU, where it delayed the PPI to first milk P4 rise and first insemination and increasing the 

number of inseminations required per conception. This study showed that a moderate 

correlation existed between ovarian cycle length and the PPI to the first AI and between the 

CR and the number of inseminations required per conception. These have the potential to 

substantially increase the cost of breeding and the risk of untimeliness of calving, which can 

substantially increase the CO2-eq and financial cost of milk production. The BCS of cows at 

parturition, and BCS and LW, and pp change in BCS and LW of cows continued not to be 

within industry guidelines and not to affect, be related to ACL or be correlated with cycle length. 

In this study the PPI to conception, calving interval (CI), MY, ECM, and FPCM yields, BCS, 

LW, DMI, FE, RR, and CO2-eq. related to RR, CI and infertility did not differ between cows 

that had ACL and TCL. However, cows (ACL and TCL) produced substantial amounts of CO2-

eq. that was related to additional days of CI and RR, which were mainly due to and highly 

correlated with RR in this study.  

 

4.8: Future work 

The occurrence of ACL was relatively common in high-yielding dairy cows and has a negative 

effect on PPI to first milk (P4) rise and first insemination, number of inseminations required 

per conception and CR at 130 d pp, which have substantial implications for CO2-eq related to 

RR. However, in this experiment MY and FE were not greater in cows that had ACL compared 

with TCL, which contrasted with Experiment 2. The MY in this study was lower than that in 

Experiment 2 due to a tendance for MY to continually increase over time. The relationship 

between MY, DMI and FE, and CO2-eq. related costs and potential metabolic issues related 

to diet and feed intake warrant closer examination of a larger group of high-yielding cows in a 

single location that was completed at a later date than this experiment, to try to assess higher 

MY and lower the potential variation between sites to assess the effect of MY and FE, on ACL 

related infertility and CO2-eq. related to CI and RR.  
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Appendix 4: Chi square tables of pregnancy rate 

Rows: Chi square Rows cycles, Columns: pregnancy rate 

 0 1 All 

        

ACL 17 9 26 

  15.36 10.64   

        

TCL 35 27 62 

  36.64 25.36   

        

All 52 36 88 

Cell Contents:  Count  Expected count 

 

Chi-Square Test 

 

Chi-

Square DF 

P-

Value 

Pearson 0.605 1 0.437 

Likelihood Ratio 0.612 1 0.434 
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Effect of atypical ovarian cyclicity on plasma metabolites, feed efficiency, replacement 

rates, and carbon equivalent of milk produced by high-yielding dairy cows 

 

5.1: Abstract 

Increasing the milk yield of dairy cows has been related to less frequent CI, lower PR and 

greater herd RR. These are major concerns for the sustainability of the global dairy industry, 

due to the substantial impact these have on the financial cost and CO2-eq. of milk production. 

This study aimed to evaluate the ovarian activity, specifically cycle length and the combined 

effects of CI, RR, MY, FE, and plasma metabolites in relation to fertility and CO2-eq. related 

to CI and RR using 97 high yielding dairy cows that had milk progesterone concentrations 

used to place cows into those that had atypical ovarian cycle length (ACL) and typical cycle 

lengths (TCLs) to measure the effect on CI, PR, and infertility-rated herd replacement rate 

(RR) and its effect on MY, FE and CO2-eq. of milk production and its relationship with plasma 

metabolites. Cows that had ACL (28.3%) had a longer PPI to first progesterone (P<0.001), 

cycle length (P<0.001) and tended to have a longer PPI to conception and (P=0.053), while 

PR and RR did not differ between ACL and TCL at 130 d pp. Cows that exhibited ACLs tended 

to have greater MY and milk fat concentrations, but FCM, FPCM and milk protein yields and 

FE did not differ from cows that had TCL. Plasma NEFA, BHB, insulin, glucose and 

haptoglobin, body condition score at parturition and pp change in BCS did not differ between 

cows that had ACLs and TCLs and were within industry recommendations. Cows with ACL 

had more addition days over a CI of 365 d (P=0.046), related RR (P=0.046) and CO2 eq. 

related to an extended CI compared with TCL, while RR contributed substantially to the CO2 

eq. It was concluded that a substantial proportion of cows exhibited ACL, which cows tended 

to have greater MY and was not affected by BCS and plasma metabolites and had no effect 

on ECM, FPCM, milk protein yields and FE. The CO2 eq. of milk production was increased by 

an extended CI and was associated with higher herd RR.   

 

Keywords: Dairy, fertility, Metabolites, Herd replacements, CO2 eq. emissions 

 

5.2: Introduction 

Greater individual milk yield (MY) of dairy cows has been successful in lowering the enteric 

greenhouse gas (GHG) emissions, by increasing feed efficiency (FE) (VandeHaar and St-

Pierre, 2006; Capper et al. 2009; Reynolds et al. 2011; Garnsworthy et al. 2012; Knapp et al. 

2014), however, increasing the genetic merit of dairy cows for MY has a deleterious effect on 

the regularity of ovarian cyclicity (Horan et al. 2004; Pollott and Coffey, 2008; Windig et al. 

2008) and pregnancy rates (PR) (Brito et al. 2021). These extend the PPI to conception, which 

increases GHG emissions related to greater calving interval (CI) (Bell and Wilson, 2018), while 

https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0090
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0150
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
https://www.sciencedirect.com/science/article/pii/S0022030215009170#bib0180
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lower PR (Brito et al. 2021) shortens the length of the productive life of dairy cows (Knaus, 

2009) and increases the herd replacement rate (RR) and the number of replacements needed 

(Garnsworthy, 2004; Zehetmeier et al. 2014; Bell et al. 2015), which increases the land, 

fertilizer, feed, and CO2-eq. related to the maintenance of non-lactating animals.  

 

The modelling of agricultural systems has shown that the maintenance of greater numbers of 

herd replacements has been shown to have a substantial negative effect on the carbon 

footprint of dairy production systems (Garnsworthy, 2004; Bell and Wilson, 2018) along with 

the results of Chapters 2, 3, Experiment 1 and 2. Greater herd culling and replacement rates 

substantially affect the financial cost of milk production (Yusuf et al. 2011; Horn et al. 2012; 

De Vries, 2017; Bell et al. 2015) for farmers. Experiment 2 showed that MY was greater in 

cows that had ACL. However, there are few published studies that have collected biological 

data to assess the occurrence of atypical ovarian cycle length (ACL) and the effect on the 

fertility of high-yielding dairy cows, which include the individual animal evaluation of a wider 

range of important biological factors such as MY, BCS, feed intake, FE and related plasma 

metabolites, and subsequent CO2 eq. of milk production.  

 

5.3: Aim and objectives 

This study aimed to assess the effect of atypical cycle length (ACL) in high-yielding dairy cows 

on fertility-related key performance indicators (KPIs) and CO2-eq. of milk production and 

related metabolic indicators. The objectives of the study were to assess the occurrence of 

ACLs in high-yielding cows and measure the effect of ACL on the CI, PR, and related RR, and 

to assess the effect MY and FE of high yielding cows on plasma metabolic indicators related 

to the occurrence of ACL and the potential CO2-eq.  

 

5.4: Materials and methods 

 

5.4.1: Study location and ethical approval 

There were two studies that had been carried out previously between October 2016 and June 

2017 and, October 2018 and May 2019 at the UoN Centre of Dairy Science and Innovation 

(CDSI), Sutton Bonington, Leicestershire, UK as described in Experiment 2.  

 

5.4.2: Experimental design and animal management 

The studies were randomised block designs that use 97 Holstein-Friesian dairy cattle of a 

mean parity of 2.1 (± 0.39; range 1 to 7), live weight (LW) of 738.2 (± 25.13) kg and BCS of 

3.1 (± 0.22; range 2.50 to 3.50) at parturition that were selected randomly at parturition 

between October 2016 to May 2017 (48 cows) and October 2018 to April 2019 (49 cows) (Fig 

https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref20
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref33
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref3
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref17
https://www.sciencedirect.com/science/article/pii/S175173111800112X#ref7
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5.1) from 250 cows that calves all year round. Similar proportions of cows from each 

experiment and from each of the diet treatments (16/17: P=0.892 and 18/19: P=0.932) 

previously applied had ACL and TCL and the data was used to assess the effect of ACL and 

TCL (Fig 5.1). In this study the cows were allocated retrospectively according to pp luteal cycle 

length into blocks that had ACL and TCL lengths as detailed in Experiment 1. The two subsets 

of cows were housed pens that had 55 free stalls that were fitted with cantilever divisions and 

in 2016 to 2017 with rubber mats covered with sawdust and 2018 to 2019 with deep litter sand 

beds, which were cleaned daily, and fresh sand was replenished weekly. The feeding alleys 

were fitted with solid concrete in 2016/17 and slats between 2018/19, which were cleaned at 

6 h intervals using an automatic above-ground scrapper between 2016/17 and robot (Lely UK 

Ltd., St Neots, UK) and under-floor scrapers between 2018/19 that ran on a 4 h cycle over 

each 24 h period.  

 

Fig 5.1: Schematic of the proportion of cows that had atypical (ACL) and typical (TCL) 

cycle lengths from differing experiments completed in 2016/17 and 2018/19 at the 

University of Nottingham (UoN) 

 

5.4.3: Diets and animal feeding 

The cows were offered ad-libitum access to clean fresh water and a partial mixed ration (PMR) 

that was formulated to supply adequate nutrients for the maintenance requirements (M), plus 

32 L (2016 to 2017) and 30 L (2018 to 2019) of milk production per day (Table 5.1), which was 

offered as a daily feed allowance of 110% of PMR intake. The PMR was replenished once 

daily at approx. 07.30 hrs in electronic feed intake stations that were fitted with a feed weighing 

system (Hokofarm Group B.V., Marknesse, Netherlands), which measured individual animal 

 o  9 co s

MY 11,300 ( 961.5) L/yr; Parity 2.1 ( 0.39)1 to 7, LW 718 ( 15.1) kg; BCSP of 3.0 ( 0.23) 2.5 to 3.5

2 1  2 1     co s

MY 11,086 ( 808.1) L/yr

Parity 2.1 ( 0.41) from 1 to 7

LW 713 ( 19.1) kg

BCSP 3.0 ( 0.21) from 2.5 to 3.5

2 1  2 19  9 co s

MY 11,501 ( 901.5) L/yr

Parity 2.1 ( 0.39) from 1 to 7

LW 740 ( 15.1) kg

BCSP of 3.1 ( 0.25) from 2.5 to 3.5

2 1  1  (29  ) 1  co s
MY: 11,491 ( 864.8) L/yr

Parity: 2.1 ( 0.41)

LW: 714 ( 25.1) kg

BCSP: 3.0 ( 0.25) 2.5 3.5

      ( 1 )    co s
MY: 11,483 ( 849.5) L/ yr

Parity: 2.1 ( 0.42)

LW: 712 ( 23.9) kg

BCSP: 3.0 ( 0.24) 2.0 3.5

2 1  19 ( 1 ) 1 co s
MY: 11,502 ( 949.5) L/ yr

Parity: 2.1 ( 0.52)

LW: 740 ( 24.5) kg

BCSP: 3.1 ( 0.20) 2.5 3.5

    ( 9 )   co s
MY: 11,500 ( 964.8) L/ yr

Parity: 2.1 ( 0.49)

LW: 741 ( 24.1) kg

BCSP: 3.1 ( 0.21) 2.5 3.5

   alues ( ange)

MY: 0.983

Parity: 0.591

LW: 0.887

BCSP: 0.917

   alues ( ange)

MY: 0.893

Parity: 0.591 (1 to 7)

LW: 0.887

BCSP: 0.917 (2.5 to 3.5)
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feed intake on a constant basis. During milking, cows were offered a pelleted dairy compound 

feed through the robotic milking station in an integral feed bin (Lely Astronaut A3; Lely UK 

Ltd., St Neots, UK) and this was distributed at a rate of 2 kg/hd/d at parturition, which increased 

at 0.2 kg/d up to a maximum of 12 kg /hd/d up to 60 d pp, followed by which allocation remained 

the same until 100 d pp and then was reduced according to individual animal MY and was 

offered at 0.4 kg/L on a daily basis. 

 

Table 5.1: Partial mixed ration ingredients and composition of mixed ration and pelleted 

concentrate offered at milking 

 2016 to 2017  2018 to 2019 

 
PMR Concentrates  PMR Concentrates 

Diet components      

   Maize silage, kg DM 6.12 -  7.48 - 

   Grass silage, kg DM 4.01 -  4.89 - 

   Whole crop silage, kg DM 2.51 -  2.75 - 

   Wheat straw, kg DM 0.50 -  0.50 - 

   Soya: Rape seed meal, kg DM 4.70 -  3.56 - 

   Molasses, kg DM 1.62 -  1.34 - 

   Protected fat, kg DM 0.45 -  0.36 - 

   Minerals, kg DM 1 0.22 -  0.22 - 

Diet composition, DM 
  

 
  

   Dry matter, % 48.2 87.5  43.8 89.0 

   Crude protein, % 17.1 18.2  16.8 18.0 

   Metabolizable energy, MJ/Kg 11.8 12.5  11.7 12.5 

   NDF, % 35.0 5.1  35.2 5.0 

   Starch and sugar, % 3.25 35.1  26.1 35.1 

   Oil, % 4.9 5.0  5.0 5.0 

   Ash, % 6.7 5.4  7.4 5.3 

Diet CO2-eq. / kg, kg 0.36 1.33 
 

0.35 1.32 

1-Dietary minerals and vitamins; calcium, 18%; phosphorus, 10%; magnesium, 5%; salt, 17%; copper, 

2,000 mg/kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; iodine, 500 mg/kg; 

selenium, 25 mg/kg; vitamin A, 400,000 IU/kg; vitamin D3, 80,000 IU/kg; and vitamin E, 1,000 mg/kg. 
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5.5: Measurements 

 

5.5.1: Feed samples and feed analysis 

As described in Experiment 2 (Table 5.1).  

 

5.5.2: Dry matter intake 

Individual animal fresh matter (FM) PMR intake was measured using automated electronic 

feed gates and bins (Hokofarm Group B.V., Marknesse, Netherlands) to record the daily PMR 

intake, which was used to calculate a weekly mean FM intake and the DM contents (Table 

3.1) were used to calculate the individual weekly DMI. The pelleted compound (PC) feed that 

was distributed to each individual cows was recorded by the Lely milking robot (Lely Astronaut 

A3; Lely UK Ltd., St Neots, UK) and used along with the DM contents (Table 5.1) of the PC to 

calculate the weekly mean kg of PC DM intake/d. The daily mean PMR and PC DM intake 

were used to calculate the total daily DMI for each animal.  

 

5.5.3: Milk progesterone 

As described in Experiment 2.  

 

5.5.4: Milk yield, live weight and body condition score 

As described in Experiment 2.  

 

5.5.5: Plasma metabolites 

Blood samples were collected from 18 and 24 of the ACL and TCL cows respectively by 

suitably experienced and licenced members of the technical support team in accordance with 

licenced procedures using two x 10 ml vacutainers containing EDTA and sodium fluoride at 

09.00 h via jugular venipuncture from individual cow at weekly intervals and placed on ice and 

following centrifugation plasma stored at -20C until metabolite analyses. Plasma metabolite 

concentrations were determined using an Imola Autoanlyser (RX imola; Randox Laboratories 

Ltd, Antrim, UK) by NUVETNA (Nottingham, UK) using kits (Randox Laboratories Ltd., UK) for 

the determination of glucose (catalogue no. AS7938), non-esterified fatty acids (NEFA) 

(catalogue no. FA115), beta-hydroxybutyrate (BOHB) (catalogue no. RB1007), total protein 

(catalogue no. TP7970), albumin (catalogue no. AB362) and urea (catalogue no. UR3873). 

While plasma insulin was determined using a non-competitive bovine ELISA kit (Mercodia AB, 

Uppsala, Sweden) by NUVETNA (Nottingham, UK) that had a detection limit of 0.64 μIU/ml 

according to the methodology described in ISO11843, Part 4), and the mean intra- and inter-

assay coefficients of variation for the QC (10.0 μIU/ml insulin) were 7.6 % and 6.5 % 

respectively.  
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5.5.6: Animal health, carbon equivalent impact of infertility 

As described in Experiment 2.  

 

5.5.7: Statistical analysis 

Data was collated in Microsoft Office Excel 2016 and used to calculate weekly mean values 

for MY, milk fat, protein, lactose, SCC and urea, LW, DMI, PPI to first P4 rise, PPI to first 

ovulation, oestrus cycle length between subsequent cycles, number of inseminations, CR, PR 

and PPI to conception and CI. The mean weekly data for MY, corrected MY, milk fat, protein, 

lactose, SCC and urea, BCS, LW, DMI, PPI to first P4 rise, PPI to first ovulation, oestrus cycle 

length between subsequent cycles, number of inseminations, CR, PR and PPI to conception 

and CI were assessed using the Anderson-Darling test for normality of distribution using 

Minitab statistical software (Version 17.2.1, 2016, State College, PA) and found to be normally 

distributed except for the milk SCC, which was transformed using the logbase10, prior to 

analysis. The effect of previous diet treatment on the number/proportion of cows, previous milk 

yield, parity, BCS and LW of cows that had ACL and TCL was assessed using the general 

linear model (GLM) ANOVA command by each variable/ response using animal as a random 

effect and previous diet and ACL and TCL as fixed effects in the model. The effect of ACL and 

TCL were assessed mean BCS was assessed using regression analysis, using BCS as 

categorical data and ACL and TCL as fixed effect and animal as a random effect in the model. 

The weekly mean milk yield, composition, FCM, ECM, FPCM, total protein and fat, and milk 

solids (MS) and lactose, feed intake, BCS, feed efficiency, milking frequency, animal activity 

and calculated CO2 eq. were analysed using the General Linear Mixed Model (GLM) 

command in ANOVA by each variable/ response using animal as a random effect and ACL 

and TCL as fixed effects in the model. The number of cows that had ACL and TCL, conception 

rate and the number of inseminations were assessed using Chi-square test, using ACL and 

TCL as row and response as a column in the table. Data were reported as means (± SE) with 

P values and the existence of significant differences between means and median were 

reported at a P<0.05, while tendencies were reported at P<0.10. The relationship between 

variables was assessed using Person’s correlation and the strength of any correlation between 

ovarian cycle length and fertility, body condition score (BCS) and pp change in BCS, milk yield, 

feed intake, and feed efficiency were assessed, and the strength of these relationships using 

R values from which little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 

0.800) correlation relationships are presented in Tables. 
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5.6: Results 

 

5.6.1: Reproductive performance 

 

Table 5.2: Mean reproduction performance (± se) of dairy cows that had atypical and 

typical postpartum ovarian cycle length 

  Cycle length   

  Atypical Typical P value 

Observations, No. cows 26 66 - 

PPI to first pp P4 rise, d 38.7 (2.45) 23.6 (1.54) <0.001 

Mean cycle length 49.8 (4.21) 21.3 (2.71) <0.001 

PPI to first AI, d 68.6 (4.28) 60.18 (2.76) 0.102 

Conception rate, % 80.1 (0.08) 75.8 (0.05) 0.610 

PPI to conception, d 83.0 (4.36) 78.7 (5.92) 0.053 

Inseminations / conception, No. 2.3 (0.42) 2.1 (0.20) 0.657 

Pregnancy rate (PR), % 79 (6.0) 83 (4.3) 0.602 

Calving interval (CI)1, d 397 (7.37) 370 (11.4) 0.053 

1 – Calving interval (CI) – Calculated from PPI to conception + 283 d gestation. 2 – Replacement rate 

calculated on an assumed replacement rate of 20% and CI 365 d. 3 – Combined replacement 

rate for addition days of calving interval + 100 % for replacements.  

 

Table 5.3:  e son’s correlation R values1 between postpartum ovarian cycle length and 

mean reproduction performance 

 Cycle Postpartum interval to Calving 

 Length, d First P4 rise, d First AI, d Conception, d interval, d 

PPI first >P4, d -0.332     

PPI to first AI, d1 0.437 0.439    

PPI to conception, d 0.479 0.196 0.471   

Calving interval, d 0.479 -0.064 0.308 0.810  

Pregnancy rate, % -0.072 0.042 -0.087 -0.000 -0.000 

1 – R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

This study found ACL occurred in 28.3 % of the dairy cows and ACLs were 28.5 d longer and 

the PPI to first P4 rise was 15.1 d longer compared with cows that had TCL (Table 5.2). While 

there was no difference in the PPI to first AI, CR, PR, PPI to conception and number of AI per 
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conception by 130 d pp and CI of cows that had ACL than cows that had TCL. The correlation 

between ovarian cycle length and the PPI first >P4, PPI to first AI, PPI to conception, CI and 

PR was weak (Table 5.2).  

 

5.6.2: Milk yield, composition, and parity 

 

Table 5.4: Mean yield and composition (± se) of milk of dairy cows that had atypical and 

typical postpartum ovarian cycle length 

  Cycle  length   

  Atypical Typical P value 

Milk yield, kg/d 48.5 (1.52) 44.2 (0.99) 0.098 

FC milk yield, kg/d 1 47.3 (1.45) 46.6 (0.92) 0.678 

ECM yield, kg/d 2 48.3 (1.58) 45.2 (0.99) 0.274 

FPCM yield, kg/d 3 47.3 (1.36) 45.6 (0.86) 0.288 

Milk fat, g/kg 39.6 (1.04) 41.7 (0.07) 0.088 

Milk protein, g/kg  31.9 (0.05) 32.5 (0.03) 0.413 

Lactose g/kg 47.9 (0.09) 48.5 (0.06) 0.561 

Urea, % 0.27 (0.006) 0.28 (0.004) 0.290 

Milk fat, kg/d  1.89 (0.058) 1.86 (0.037) 0.678 

Milk protein, kg/d 1.53 (0.047) 1.46 (0.030) 0.185 

Milk solids, kg/d 3.42 (0.098) 3.32 (0.062) 0.377 

Logbase10 SCC, cells/ml 1.68 (0.035) 1.63 (0.043) 0.101 

Parity, No. 2.92 (0.327) 2.61 (0.205) 0.413 

1 – FC – Fat corrected yield, kg = Milk yield kg x milk fat kg / 40.0. 2 – EC – Energy corrected yield, kg = 

0.327 x milk yield kg + 12.95 x milk fat kg + 7.21 x milk protein kg (Sjaunja et al. 1990). 3 – FPCM = 

Milk kg × ((0.1226 × Fat %) + (0.0776 × Protein %) + 0.2534) (Gerber et al. 2010). 

 

The MY tended to be greater and the milk fat concentrations tended to be lower in milk from 

cows that had ACL compared with TCL during the first 130 d pp and mean MY was (P 0.035) 

greater during the first week pp in cows that had ACL. However, there was no difference in 

milk fat, protein and SCC, lactose and urea concentrations, FC, ECM, FPCM, milk fat, protein 

and milk solids yields and parity between cows that had ACL compared with cows that had 

TCL up to 130 d pp (Table 5.4). The correlation between MY, MF, MP yields, FCMY, ECMY, 

EPCMY and milk fat and protein concentrations were weak (Table 5.5). However, there was 

a moderate correlation MY and milk fat (MF) concentrations and a strong relationship between 

MY, and milk fat and protein concentration and MS, FCMY, ECMY and EPCMY.  
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Table 5.5:  e son’s correlation R values1 between postpartum ovarian cycle length and 

mean milk yield and composition 

 

Cycle 

length, d 

MY, 

kg 

MF, 

g/kg 

MP, 

g/kg 

Fat, 

kg/d 

Protein, 

kg/d 

MS, 

kg/d 

FCMY, 

kg 

ECMY, 

kg 

MY, kg/d -0.039         

MF, g/kg 0.088 -0.511        

MP, g/kg 0.076 -0.408 0.474       

Fat, kg/d 0.025 0.712 0.227 -0.097      

Protein, kg/d 0.003 0.892 -0.331 0.040 0.733     

MS, kg/d 0.016 0.851 -0.026 -0.038 0.945 0.916    

FCMY, kg/d 0.025 0.712 0.227 -0.097 1.000 0.733 0.945   

ECMY, kg/d -0.000 0.917 -0.142 -0.184 0.924 0.915 0.987 0.924  

EPCMY, kg/d 0.002 0.908 -0.123 -0.161 0.929 0.916 0.991 0.929 1.000 

1 – R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

5.6.3: Dry matter intake and feed efficiency 

 

Table 5.6: Mean dry matter intake (DMI) (± se), rumination and feed efficiency of dairy 

cows that had atypical and typical postpartum ovarian cycle length 

  Cycle length   

  Atypical Typical P value 

Total dry matter intake (DMI), kg/d 24.2 (0.68) 24.9 (0.43) 0.305 

EC yield1 / kg total DMI, kg   2.03 (0.076)   1.90 (0.048) 0.116 

FPCM yield 2 / kg total DMI, kg   1.88 (0.070)   1.75 (0.045) 0.116 

Milk protein/kg DMI, g 22.3 (5.09) 24.9 (3.22) 0.668 

Total DMI / kg ECM, kg   0.50 (0.016)   0.53 (0.010) 0.113 

Total DMI / kg FPCM, kg   0.56 (0.017)   0.58 (0.011) 0.116 

Total DMI / kg milk protein, kg 22.3 (1.09) 24.9 (3.22) 0.668 

1 – Energy corrected (EC) kg = 0.327 x milk yield kg+12.95 x milk fat kg+7.21 x milk protein kg (Sjaunja 

et al. 1990); 2 – FPCM = Milk kg×((0.1226 × Fat %)+(0.0776 × Protein %)+0.2534) (Gerber et al. 2010). 

 

The DMI, FCE and FE did not differ between cows that had ACL and TCL (Table 5.6), however 

DMI tended (P 0.087) to be lower 1.73 (± 0.89) and 1.46 (± 0.74) kg lower during the first 14 

d pp in cows that had ACL and TCL respectively compared with 21 d pp and mean DMI.  
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5.6.4: Body condition score and live weight 

 

Table 5.7: Range and mean of body condition score and live weight (± se) of dairy cows 

atypical and typical postpartum ovarian cycle length 

  Cycle  length   

  Atypical Typical P value 

Range in body condition (0 to 5) 1    

At parturition, 0 d pp 2.50 to 3.50 2.25 to 3.50 0.411 

At 60 d pp  2.25 to 3.00 2.00 to 3.50 0.331 

At 120 d pp 2.50 to 3.50 2.50 to 3.50 0.452 

    

Mean body condition (0 to 5) 1    

At parturition, 0 d pp 3.0 (0.08) 3.0 (0.05) 0.397 

At 60 d pp  2.9 (0.09) 3.0 (0.06) 0.263 

At 120 d pp 3.0 (0.12) 3.1 (0.07) 0.440 

Change in body condition (0 to 5)    

0 to 60 d pp -0.07 (0.098) -0.07 (0.061) 0.990 

60 to 130 d pp -0.08 (0.084) -0.10 (0.052) 0.832 

0 to 120 d pp 0.08 (0.084) 0.10 (0.053) 0.832 

    

Live weight, kg    

At parturition, 0 d pp 720 (20.4) 721 (12.8) 0.877 

At 60 d pp  716 (18.7) 717 (11.8) 0.846 

At 120 d pp 727 (19.1) 728 (12.0) 0.792 

Liveweight change, kg    

0 to 60 d pp  -3.07 (1.09) -4.07 (1.06) 0.990 

60 to 120 d pp 11.0 (3.79) 11.4 (2.38) 0.754 

0 to 120 d pp 16.5 (6.42) 15.9 (4.03) 0.527 

1 – Body condition: Assessed (0 to 5 points scale, with 0.25-point intervals) according to AHDB, 2021 

 

The LW and BCS did not differ at 0, 60, and 120 d pp and pp change in LW and BCS between 

0 and 60, 60 and 120, and 0 and 120 d pp between cows that has ACL and TCLs (Table 5.7). 

The strength of the relationship between cycle length and BCS at 0, 60 and 120 d pp and pp 

change in BCS between 0 and 60, 60 and 120 and 0 and 120 d pp were very weak (Table 

5.8). There was a moderate relationship between BCS at parturition and BCS at 60 and 120 
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d pp and between change in BCS between 0 and 60 d pp and a strong relationship between 

BCS at 60 d pp and 120 d pp and 120 d pp and pp change in BCS between 0 and 120 d pp.  

There was no difference in the mean plasma NEFA, BHB, glucose and insulin, urea and 

haptoglobin (Tables 5.9, 5.10 and 5.11) concentrations of cows that had ACL and TCL 

between 14 and 130 d pp.  

 

Table 5.8:  e son’s correlation R vaules1 between postpartum ovarian cycle length and 

mean milk yield and composition 

 Cycle BCS, d pp pp change in BCS 

 length, d 0 60 120 0 to 60 60 to 120 

BCS, 0 d pp 0.050      

BCS, 60 d pp -0.080 0.639     

BCS, 120 d pp -0.037 0.615 0.814    

BCS, 0 to 60 d pp -0.145 -0.180 0.486 0.323   

BCS, 60 to 120 d pp 0.044 0.102 -0.046 0.422 -0.487  

BCS, 0 to 120 d pp -0.087 -0.097 0.470 0.722 0.613 0.392 

1 – R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

5.6.5: Plasma metabolites 

 

Table 5.9: Mean beta-hydroxy butyrate (BHB) (± se) concentrations of dairy cows that 

had atypical and typical postpartum ovarian cycle length 

  Cycle  length   

  Atypical Typical P value 

BHB, mmol/L    

    7, d pp 0.832 (0.0842) 0.787 (0.0540) 0.625 

  14, d pp 0.966 (0.1870) 0.987 (0.1200) 0.925 

  28, d pp 0.891 (0.1150) 0.864 (0.0720) 0.843 

  42, d pp 0.733 (0.0757) 0.859 (0.0486) 0.168 

  56, d pp 0.740 (0.0439) 0.779 (0.0282) 0.463 

  70, d pp 0.735 (0.0510) 0.800 (0.0332) 0.288 

  84, d pp 0.681 (0.0471) 0.785 (0.0302) 0.070 

  98, d pp 0.737 (0.0430) 0.816 (0.0276) 0.172 

112, d pp 0.821 (0.0449) 0.778 (0.0278) 0.422 

 



111 

 

Table 5.10: Mean non-esterified free fatty (NEFA) acid, plasma glucose and insulin (± 

se) concentrations of dairy cows that had atypical and typical postpartum ovarian cycle 

length 

  Cycle length  

  Atypical Typical P value 

NEFA, μmol/L    

    7, d pp 0.721 (0.1050) 0.603 (0.0670) 0.347 

  14, d pp 0.356 (0.0525) 0.333 (0.0337) 0.709 

  28, d pp 0.189 (0.0440) 0.227 (0.0282) 0.476 

  42, d pp 0.128 (0.0442) 0.221 (0.0283) 0.085 

  56, d pp 0.165 (0.0329) 0.156 (0.0211) 0.625 

  70, d pp 0.134 (0.0202) 0.126 (0.0130) 0.754 

  84, d pp 0.098 (0.0213) 0.134 (0.0137) 0.164 

  98, d pp 0.095 (0.0120) 0.099 (0.0077) 0.814 

112, d pp 0.091 (0.0015) 0.110 (0.0090) 0.727 

    

Glucose, mmol/L    

    7, d pp 3.18 (0.127) 3.21 (0.082) 0.851 

  14, d pp 3.26 (0.158) 3.25 (0.101) 0.958 

  28, d pp 3.34 (0.120) 3.36 (0.077) 0.923 

  42, d pp 3.41 (0.097) 3.42 (0.062) 0.895 

  56, d pp 3.44 (0.079) 3.46 (0.051) 0.804 

  70, d pp 3.46 (0.075) 3.37 (0.048) 0.341 

  84, d pp 3.37 (0.062) 3.36 (0.040) 0.913 

  98, d pp 3.28 (0.095) 3.35 (0.061) 0.543 

112, d pp 3.35 (0.090) 3.44 (0.055) 0.401 

Insulin, mg/L    

    7, d pp 0.29 (0.112) 0.42 (0.072) 0.336 

  14, d pp 0.58 (0.107) 0.60 (0.068) 0.823 

  28, d pp 0.52 (0.104) 0.69 (0.067) 0.169 

  56, d pp 0.65 (0.109) 0.67 (0.070) 0.856 

  98, d pp 0.81 (0.124) 0.75 (0.077) 0.648 

112, d pp 0.82 (0.121) 0.78 (0.098) 0.701 
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Table 5.11: Mean plasma and urea and haptoglobin concentrations (± se) of dairy cows 

that had atypical and typical postpartum ovarian cycle length 

  Cycle length   

  Atypical Typical P value 

Urea, mg/L    

    7, d pp 3.19 (0.192) 3.25 (0.123) 0.797 

  14, d pp 3.38 (0.189) 3.48 (0.121) 0.171 

  28, d pp 4.06 (0.201) 3.91 (0.126) 0.530 

  42, d pp 4.30 (0.193) 3.95 (0.124) 0.126 

  56, d pp 4.45 (0.176) 4.22 (0.113) 0.285 

  70, d pp 4.47 (0.195) 4.39 (0.127) 0.738 

  84, d pp 4.68 (0.195) 4.63 (0.125) 0.818 

  98, d pp 4.93 (0.236) 4.92 (0.151) 0.980 

112, d pp 4.65 (0.225) 4.76 (0.139) 0.700 

Haptoglobin, μg/L    

    7, d pp 0.39 (0.099) 0.44 (0.064)   0.703 

  14, d pp 0.24 (0.062) 0.32 (0.040)   0.257 

  28, d pp 0.18 (0.034) 0.18 (0.021)   0.990 

  42, d pp 0.17 (0.040) 0.19 (0.026)   0.639 

  56, d pp 0.14 (0.087) 0.26 (0.056)   0.221 

  70, d pp 0.19 (0.077) 0.24 (0.050)   0.555 

  84, d pp 0.12 (0.030) 0.16 (0.019)   0.246 

  98, d pp 0.15 (0.031) 0.13 (0.020)   0.689 

112, d pp 0.19 (0.073) 0.20 (0.045)   0.920 

 

5.6.6: Carbon equivalent related to infertility 

The number of days over a 365 CI and RR for additional days over a 365 d CI and CO2-eq. 

related to infertility were greater in cows that had ACLs compared with TCLs (Table 5.12), 

while the RR, infertility related to RR and CO2-eq. related to her replacements and infertility 

did not differ between cows that had ACLs and TCLs. There was a relatively weak relationship 

between cycle length and the number of additional days over a 365 d CI, RR and additional 

RR related to additional days of CI and between cycle length and CO2-eq. CI, CI RR, RR and 

infertility (Table 5.13). There was a strong correlation between CO2-eq. related to RR and 

CO2-eq. related to infertility of dairy cows.  
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Table 5.12: Carbon dioxide equivalent (± se) of dairy cows that had atypical and typical 

postpartum ovarian cycle length 

  Cycle length   

  Atypical Typical P value 

Days over 365 d calving interval (CI), d 32.0 (11.40) 5.3 (7.37) 0.049 

Replacement rate days over 365 d CI, % 1.75 (0.404) 0.29 (0.623) 0.049 

Replacement rate, % 24.2 (5.22) 19.2 (8.31) 0.602 

Infertility-related replacements, % 25.6 (5.15) 19.5 (8.21) 0.531 

    

Infertility-related CO2-eq. < 160 d pp    

  CO2-eq. for days over 365 d, kg 476 (110.0) 79 (169.0) 0.049 

  CO2-eq. for herd replacements CI, kg 1181 (254.0) 937 (405.0) 0.611 

  CO2-eq for infertility, kg 1606 (251.0) 1012 (400.1) 0.212 

1 – Calculated using an assumed replacement rate 20% and CI of 365 d used to calculate additional 

replacements  2 – Combined CO2-eq for additional herd replacements and calving interval greater than 

365 and 375 days 

 

Table 5.13:  e son’s co  ela ion R values between postpartum ovarian cycle length and 

mean milk yield and composition 

 Cycle Additional  Additional   CO2-eq.  

 length, d CI, d RR RR, CI  CI CI RR RR 

Additional CI, d 0.479        

Replacement rate (RR), % 0.072 *       

Additional RR, CI 0.479 1.000       

CO2-eq. CI, d 0.479 1.000 1.000 1.000     

CO2-eq. CI RR 0.479 1.000 1.000 1.000  1.000   

CO2-eq. RR 0.072 0.000 1.000 -1.000  -1.000 1.000  

CO2-eq. infertility 0.151 1.000 0.917 1.000  1.000 1.000 0.917 

1 – R values: Little to weak (0.000 to 0.400); moderate (0.500 to 0.700) and high (> 0.800) correlation 

 

5.7: Discussion 

 

5.7.1: Cycle length and fertility 

In this study, ACL occurred in 28.3 % of the dairy cows. Cycles were 28.5 d longer and the 

PPI to first P4 rise was 15.1 d longer compared with cows that had TCL, which was in keeping 
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with Taylor et al. (2003), who found that the main factor associated with ACL was a delay in 

P4 rise and ovulation. In this study, PPI to first AI was delayed by 12 d in cows that had ACL 

compared with TCL, and this delay in first service was equally noted by Nyman et al. (2014) 

in cows that had a delay in first P4 rise and ACL. Petersson et al. (2006) found that in cows 

with delayed pp ovarian cyclicity, had a longer PPI to the beginning of luteal activity and that 

this was reflected in the PPI to first oestrus, which was stated to be considerably longer when 

cow had a delayed PPI to the onset of ovarian activity. Despite there being no difference in 

the PPI to first AI, CR and PR of ACL and TCL in this study, these findings indicate the 

detrimental effect that a delay in the PPI interval to P4 rise and ACL can have on pp fertility 

and the CI.  

 

5.7.2: Plasma metabolites 

There was no difference in the mean plasma NEFA and BHB, glucose and insulin, urea and 

haptoglobin concentrations of cows that had ACL and TCL between 14 and 120 d pp. Other 

researchers have found that the plasma glucose concentrations were considerably greater in 

cows that had persistent CL at the beginning of the service period between 50 and 60 d pp 

(Taylor et al. 2003). Glucose metabolism, secretions and motility of the gastrointestinal tract 

are regulated by ghrelin, which is involved in a wide spectrum of biological functions, including 

GH secretion and regulation of EB (Lorenzi et al. 2009) through the promotion of DMI 

(Korbonits et al. 2004) and maintenance of metabolic homeostasis (Hidekitamura et al. 2000; 

Nakazato et al. 2001; Hattori et al. 2001). However, there was no difference in plasma glucose 

concentrations between cows that had ACL and TCL in this study. The LW and BCS at 

parturition and 60, and 120 d pp and pp change in LW and BCS between 0 and 60, 60 and 

120, and 0 and 120 d pp did not differ between cows that has ACL and TCL. This was 

supported by plasma concentrations of NEFA and BHB were similar in cows that had ACL and 

TCL. Taylor et al. (2003) found that cows that ACL had delayed ovulation experienced 

considerably greater pp LW loss, higher BHB concentrations and tended to have the lower 

insulin and glucose concentrations compared with those that had TCL. This was not the case 

in this study, in which cows that had delayed in P4 rise and ACL were cows that had minimal 

pp LW and BCS change that was similar in cows that had ACL and TCL, as were plasma BHB, 

NEFA and insulin and glucose concentrations.   

 

5.7.3: Milk yield, feed intake and energy balance 

While the MY tended to be greater in cows that had ACL, there was no difference in FC, ECM. 

PFCM, milk fat, protein and SCC, lactose and urea concentrations, milk fat, protein and milk 

solids yields or parity of cows that had ACL compared with cows that had TCL up to 130 d pp 

in this study. These results reflected those of Shrestha et al. (2005) who also found that the 
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305-day milk yield of cows that had ACL and TCL were similar. This study found that the mean 

DMI and FE did not differ between cows that had ACL and TCL, however, cows that had ACL 

had lower DMI over the first and second weeks pp. Feed intake has been indicated as a 

principal factor affecting fertility (Webb et al. 2004; Robinson et al. 2006; Ashworth et al. 2009) 

amongst other factors, which include BCS (Roche et al. 2009), MY and milk composition 

(Friggens et al. 2007), plasma metabolite and hormone concentrations (McDougall et al. 

2005). However, this study found no difference DMI, BCS, ECM and PFCM, milk fat, protein 

and solids yields, FE or plasma metabolites between cows that had ACL and TCL. There have 

been other studies that had found that NEFA, T-cholesterol, total protein, and urea nitrogen 

did not differ in cows that has ACL, up until 3 to 5 weeks pp, when plasma NEFA 

concentrations were greater in cows that had delayed ovulation (Shrestha et al. 2005), 

however this was not the case in this study, with NEFA concentrations being similar at 28 and 

42 d pp between cows that had ACL and TCL.  

 

5.7.4: Carbon dioxide equivalents related to calving interval and herd replacement rate 

The number of days over a 365 CI and RR attributed to additional days over a 365 d CI and 

CO2-eq. related to infertility were greater in cows that had ACLs compared with TCLs, while 

in this study the RR, infertility related to RR and CO2-eq. related to herd replacements and 

infertility did not differ between cows that had ACLs and TCLs. Other studies have modelled 

UK data to show how improvements in oestrus detection and conception can lower methane 

emissions related to RR (Garnsworthy, 2004) and CO2-eq. related to milk production can be 

reduced by achieving a CI closer to 365 d and reducing RR (Bell and Wilson, 2018). The study 

provides biological data that supports these findings, demonstrating that substantial amounts 

of CO2-eq. is related to an extended CI and related RR due a delay in the pp P4 rise and ACL.  

 

The data from this study supports these findings, demonstrating that substantial reduction in 

CO2-eq. related to lowering the CI and RR may be achieved by improvements in pp 

resumption of ovarian activity. This may be achieved by improving pp DMI during the first 14 

d pp by optimization of diet composition in relation to the average requirements of the dairy 

cows in the feeding group to achieve a higher levels of DMI (Fish et al. 2012; Llonch et al. 

2018; Rumphorst et al. 2022). The inclusion of rumen-protected choline and dry propylene 

glycol in cows diets during the pre and pp transitions period (Chung et al. 2009). Moreover, 

making changes to animal management much earlier in the life of dairy heifers by applying 

group rearing of calves, which improves calf feed intake, health and survival (Costa et al. 2015 

and 2016) but more importantly increases the resilience of dairy cattle to regrouping, 

especially around first parturition (Zhang et al. 2022). While the genetic selection of cows for 
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fertility traits in addition to MY and FE continues to improve the PR and fertility of dairy cows 

(Pryce et al., 2001; Lucy, 2019; Brito et al., 2021).  

 

5.8: Conclusions 

The data from this study supports these findings, demonstrating that substantial reduction in 

CO2-eq. related to lowering the CI and RR could be achieved by improvements in pp 

resumption of ovarian activity.  

 

5.9: Further work 

The assessment of methane emissions and CO2-eq. of herd replacements and management 

factors that may increase the DMI of cows during the first 14 d pp need to be evaluated 

including group heifer rearing and early lactation, effect of peripartum feeding systems and 

diets.   

 

Appendix 4: Chi-Square 

 

Table: Chi-Square Rows: Cycle length   Columns: Conception / Pregnancy rate  

 0 1 All 

        

ACL 5 21 26 

  5.93 20.07   

TCL 16 50 66 

  15.07 50.93   

All 21 71 92 

Cell Contents:  Count Expected count 

 

Chi-Square Test 

 Chi-Square DF P-Value 

Pearson 0.266 1 0.606 

Likelihood Ratio 0.273 1 0.602 
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Chapter 6 

 

General discussion 
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6.0: General discussion 

 

6.1: Carbon footprint of dairy production 

Dairy production has been cited as a major greenhouse gas (GHG) emitter, which is 

contributing to climate change (Caro et al. 2014). Life cycle analysis (LCA) has shown, not 

considering carbon emissions from land use/land use change, that the production of methane 

(CH4) from enteric fermentation and feed production, processing, transport, and storage, and 

the rearing of herd replacements are the main determinants of GHG emissions (Flysjö et al. 

2012; Wolf et al. 2017). Increasing the MY of individual cows has been successful in 

enhancing feed efficiency (FE) and diluting enteric GHG emissions related to the production 

of milk (VandeHaar and St-Pierre, 2006; Capper et al. 2009; Reynolds et al. 2011; 

Garnsworthy et al. 2012; Knapp et al. 2014). It is essential to maintain global warming < 1.5°C 

up to 2030 and achieve net zero emissions by 2050 (UN, 2022), however greater MY per cow 

has been associated with a decline in cow fertility (FAO, 2005; Butler, 2003; Royal et al. 2000; 

Moore and Thatcher, 2006; Bello et al. 2012; Brito et al. 2021) and greater GHG emissions 

related to extended CI and greater numbers of herd replacements (Bell and Wilson, 2018). 

This thesis set out to measure milk P4 concentrations to evaluate the pp luteal activity and 

measure the occurrence of ACL and assess the effect of the cycle length in high-yielding dairy 

cows to measure the occurrence and effect of delayed pp luteal activity on PPI to conception 

and CI, PR, and RR. This data was used, along with the CO2-eq. emissions related to each 

day of CI above 365 d and per % of RR to assess the effect of ACL on CO2-eq. emissions 

related to CI and RR and to evaluate the potential relationship between pp luteal activity, MY, 

FE, and CO2-eq. related to fertility, specifically the CI and dairy herd RR.  

 

6.2: Milk yield and assurance of atypical ovarian activity 

The average MY of the Holstein Friesian dairy cows used in the experimental work included 

in this thesis was between 10,500 to 11,500 L/cow per year (Exp 2, 3 and 4), which would 

have MY of 44 to 50 L in early lactation and be in the top 10% of dairy herds from the UK, 

which are above the average 8,090 l/cow/year in 2021 (AHDB, 2022). In these cows, the milk 

P4 concentrations that were used to evaluate the pp luteal activity and the effect of the cycle 

length in high-yielding dairy cows showed that ACL occurred in between 30 and 44 %, with a 

mean of 33.1% of dairy cows, which was in keeping with previous studies that found that 40% 

of the dairy cow population had ACL (Petersson et al. 2006; Windig et al. 2008; Cutullic et al. 

2011). The 28.3 to 44% of high-yielding cows that exhibited ACL in the studies presented in 

this thesis were similar to previous studies, indicating that increasing MY and FE did not 

increase the occurrence of ACL in Holstein Friesian cows. This is important because Holstein 
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Friesian cows have been found to show more abnormal cyclicity compared with some other 

breeds, such as Jersey (Petersson et al. 2006; Cutullic et al. 2011; Piccand et al. 2013) and 

the Holstein Friesian breed is globally the most dominant dairy breed (Margerison, 2022). The 

lack of an increase in the proportion of high-yielding cows that exhibit ACL and the lack of 

correlation between MY and ACL presented in this thesis are most likely due to the inclusion 

of fertility traits being included in breeding programs of dairy cows for several years 

(VanRaden et al. 2004; Huang et al. 2007) and accounting for between 13 to 30% of the 

observed variance in the fertility of dairy cows (Veerkamp et al. 2000; Royal et al. 2002b; 

Petersson et al. 2007). This is likely to be responsible for the potential ability to increase MY 

while maintaining pp ovarian activity in the majority, 56 to 72 % of the dairy cows assessed in 

this thesis. This potentially provides an optimistic outlook for the continued dilution of CO2-eq. 

by increasing MY of individual dairy cows (VandeHaar and St-Pierre, 2006; Capper et al. 2009; 

Reynolds et al. 2011; Garnsworthy et al. 2012; Knapp et al. 2014), which is especially relevant 

for developing countries going forwards (Margerison, 2022). However, the deleterious effect 

of high genetic merit for MY on cyclicity is complex (Horan et al. 2004; Pollott and Coffey, 

2008; Windig et al. 2008) and requires the evaluation of the relationship between BCS, animal 

health, and nutrition, which are important in the evaluation of the occurrence and effect of 

ACL.  

 

6.3: Body condition score at parturition and atypical ovarian activity 

The cows that had ACL and TCL in the studies in this thesis had BCS at parturition that was 

between 2.6 and 3.0, which are within industry-recommended standards (AHDB, 2020) for 

dairy cows, making it unlikely that the occurrence of ACL was related to reproductive 

abnormalities that are more common in dairy cows that have BCS >3.0 at parturition. 

Moreover, the pp change in BCS of the cows in the studies in this thesis did not differ between 

cows that exhibited ACL and TCL, making it unlikely that this was a factor that affected the 

occurrence of ACL. Equally, the cows in these studies were offered a prepartum transition diet 

that included low amounts of grass silage, along with maize silage, cereal straw, and soyclor 

and none of the cows included in the studies had clinical hypocalcaemia, metritis, and 

endometritis, which have been major health issues that contribute to suboptimal fertility due 

to the failure to resolve uterine inflammation, lack of interaction between GH and IGF-1 (Walsh 

et al. 2011) making metabolic disorders and uterine disease unlikely contributors to the delay 

in pp ovarian activity and CR. Equally, the cows in the studies in this thesis were within the 

BCS at partition recommendations (AHDB, 2022) and the frequency of occurrence of ACL was 

not due to cows being over-conditioned at parturition (Cutullic et al. 2012; Bedere et al. 2016). 

The mean DMI did not differ between cows that exhibited ACL and TCL, however, DMI in the 

first 14 d pp tended and was lower in cows that exhibited ACL and these cows did and tended 
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to have higher MY in some studies (Exp 2 and 5). This is unlikely to be due to BCS and or pp 

loss of BCS because they had similar BCS at parturition and the direct effects of body fat on 

plasma concentrations of leptin (McGregor et al. 1996) and its potent effect on satiety 

(Campfield et al. 1995) and feed intake, via the neuroendocrine-axis (Cervero et al. 2006) is 

unlikely to have affected DMI following parturition in cows that had ACL in this thesis. The 

direct link between nutrition, metabolic status, and reproduction (Clarke and Henry, 1999) may 

indicate that the short-term early lactation DMI of cows is an area that could provide an 

opportunity to reduce the occurrence of ACL and prolonged PPI to first P4 rise shown in all 

the Experiments in this thesis and ovarian activity and improve CR and PR, which could 

increase the productive life of cows, lowering the CI and RR.  

 

6.4: Postpartum change in body condition score and atypical ovarian activity 

The pp change in BCS between 0 and 60 d pp did not differ between cows that had ACL and 

TCL. The loss of BCS between 0 and 60 d pp was between 0.01 and 0.02, which was minimal 

and well within recommended standards (AHDB, 2022) of -0.5 points between parturition and 

60 d pp. The pp change in BCS was consistently marginal across the studies presented in this 

thesis and these were well within industry (-0.5 BCS) recommendations (AHDB, 2020). It has 

been shown that dairy cows that lose < 0.5 pp BCS between 0 to 60 d pp should return to 

ovarian activity and first ovulation within 30 d pp (Pryce et al. 2001; Garnsworthy, 2006; Patton 

et al. 2007), which was not the case for cows that exhibited ACL in this thesis. It is however 

unlikely that BCS at parturition and/or pp loss of BCS presented in this thesis was related to 

the pp delay in ovarian activity in cows that exhibited ACL, because there was no difference 

in BCS at parturition, pp change in BCS was minimal and were well within industry standards 

(AHDB, 2020) compared with other studies that found an effect of BCS on pp ovarian activity 

(Diskin et al. 2003; Friggens and Chagunda, 2005; Chagas et al. 2007; Leroy, et al. 2008; 

Aguilar-Perez et al. 2009). These findings were supported by the NEFA, BHB, and insulin 

concentrations in Experiment 4, which did not differ between cows that had ACL and TCL and 

were within reference ranges (Leroy et al. 2010a), unlike studies that found cows that lost 

more BCS pp (> 0.5) affected the growth and development of ovarian follicles (Lucy, 2000; 

Leroy et al. 2010a) due to NEB, which was associated with greater plasma NEFA 

concentrations, directly related poor follicular growth (Vanholderet al. 2006; Walsh et al. 2011; 

Garcia-Garcia, 2012) due to low plasma IGF-1 (Lucy, 2000), insulin concentrations (Wathes 

et al. 2007; Lucy, 2008; Wathes, 2012) but this was not the case in Experiment 4 in this thesis.  

 



121 

 

6.5: Postpartum milk yield, feed intake and prolonged commencement of ovarian 

activity 

A delay in the commencement of ovarian activity in cows that had ACL was largely consistent 

across all the studies in this thesis. This was in keeping with previous studies that showed that 

ACL most typically delayed the commencement of luteal activity (Petersson et al. 2006; Windig 

et al. 2008; Cutullic et al. 2011). The PPI to the first P4 rise was delayed by between 7 and 31 

d, which resulted in a mean delay of 15.5 d across the studies in this thesis. The pp loss of 

BCS between parturition and 60 d pp and during the first few weeks pp was unlikely to 

influence the commencement of luteal activity and the occurrence of prolonged luteal phase 

may be related to MY (Royal et al. 2002b; Kafi et al. 2012) due to the biological effect of MY 

on BCS experimental outcomes may be confounded by these factors. However, feed intake 

has been indicated as the primary factor eliciting the effect of EB on reproduction (Patton et 

al. 2007). While the mean DMI of cows did not differ in cows that had ACL and TCL, closer 

examination of DMI during the first few weeks of lactation showed that cows that had ACL had 

lower DMI in the first two weeks of lactation. Lower DMI and lesser than adequate nutrient 

supply to meet the requirements for maintenance and milk production have been shown to 

affect the fertility of dairy cows, but not MY (Friggens et al. 2010; Walsh et al. 2011). 

 

In this study cows that had ACL, had prolonged PPI to first P4 rise and there was a short-term 

(acute) undernutrition during the first 14 d pp in cows that had ACL, which has been shown to 

suppress gonadotrophin-releasing hormone (GnRH) secretion, inhibiting or delaying the 

preovulatory pulsatile peak release of LH and lowering plasma oestradiol-17β  (Boland et al. 

2001; Rhind et al. 1989), while increasing progesterone concentrations (Kiyma et al. 2004) 

can alter the endocrine function and interfere with the occurrence of typical/normal oestrous 

cycles (Houseknecht et al. 1998; Short and Bellows, 1999). The plasma glucose and insulin 

concentrations were similar in cows that had ACL and TCL supporting the evidence that ACL 

was not mediated by pituitary insulin signalling (Brothers et al. 2010; Sagae et al. 2012), which 

can affect oocyte development (Purcell and Moley, 2011; Yang et al. 2012) through leptin 

concentrations, which inhibit ovarian steroidogenesis (Spicer, 2001; Kendall et al. 2004) due 

to lower GnRH, gonadotropin (Yu et al. 1997; McCann et al. 1998) estradiol secretion (Spicer 

and Francisco, 1997). However, this lower pp DMI during the first 14 d pp in cows that had 

ACL may indicate an opportunity to investigate opportunities to enhance DMI through the 

management of cows, use of feeds, and feeding during early lactation. This may be achieved 

by improving pp DMI during the first 14 d pp by optimization of diet composition in relation to 

the average requirements of the dairy cows in the feeding group to achieve a higher DMI (Fish 

et al. 2012; Llonch et al. 2018; Rumphorst et al. 2022). The inclusion of rumen-protected 

choline and dry propylene glycol in dairy cow diets during the pre and pp transitions period 
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(Chung et al. 2009). Moreover, making changes to animal management much earlier in the 

life of dairy heifers by applying group rearing of calves, which improves calf feed intake, health 

and survival (Costa et al. 2015 and 2016) but more importantly increases the resilience of 

dairy cattle to regrouping, especially around first parturition (Zhang et al. 2022). While the 

genetic selection of cows for fertility traits in addition to MY and FE continues to improve the 

PR and fertility of dairy cows (Pryce et al., 2001; Lucy, 2019; Brito et al., 2021).  

 

The MY of dairy cows has been associated with a longer PPI to ovarian cyclicity and 

inconsistent oestrous cycle lengths (Lucy, 2003; Friggens and Chagunda, 2005). The MY and 

ECM, FPCM and milk solids yield in Experiment 2 were and MY in Experiment 4 tended to be 

greater, but the ECM, FPCM and solids yield were not greater in Experiments 3 and 4. In 

previous studies, greater MY per cow has been associated with a decline in fertility (FAO, 

2005; Butler, 2003; Royal et al. 2000; Moore and Thatcher, 2006; Bello et al. 2012) and longer 

PPI to ovarian cyclicity and inconsistent oestrous cycle lengths (Lucy, 2003; Friggens and 

Chagunda, 2005). While cows with ACL had prolonged PPI to P4 rise and commencement of 

ovarian activity, mean milk yield was not consistently greater in the studies in this thesis. 

However, on closer inspection showed that MY was greater in the first week pp in cows that 

had ACL in Experiments 2, 3 and 4 . This effect of rapidly accelerating MY following parturition 

has been noted by researchers previously and was found to result in considerable metabolic 

and physiological stressors (Domecq et al. 1997; Ingvarsten et al. 2003; Hansen et al. 2005) 

extending the PPI to conception, compared with a relatively flat and more steeply ascending 

lactation curve that reach peak MY and resumed pp ovarian activity sooner (Andersen et al. 

2011). This approach to lowering the effect of ACL and prolonged PPI to P4 rise and 

resumption of ovarian activity is one that is more long term, but equally essential in maintaining 

a regular calving frequency for dairy cows. The effect of the ACL and prolonged PPI to first P4 

rise and resumption of ovarian activity on CR and PR was more variable. The CR was low at 

130 d pp and had improved by 160 d pp in most studies, with the exception of Exp. 4. It has 

been shown that lower CRs to first have been found when cows receive insemination < 60 d 

pp (Inchaisiri et al. 2010).  

 

6.6: Calving interval and replacement rate related carbon footprint 

The insemination of cows in the studies in this thesis typically occurred following peak 

lactation, which in practical terms, this has led to a delay in first insemination from > 50 d pp 

to > 60 d pp for higher MY cows (Andersen et al. 2011) and while the PPI to conception did 

not differ between cows that had ACL and TCL in the majority of the studies in this thesis, the 

PPI to conception was frequently greater than 80 d pp and up to 129 d and the CI were above 

365 d and closer to and beyond 375 d in most experiments, up to a maximum of 412 d pp. 
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This is in keeping with previous studies that have found that CI has progressively increased 

(Hare et al. 2006) and the average CI for Holstein–Friesian cows in the UK has been reported 

to be 428 d (75th quartile 463 and 90th decile 546 d) (Gates 2013). This is greater than those 

in the studies in this thesis. Greater GHG emissions related to a longer CI and higher RR (Bell 

and Wilson, 2018) and the rearing of more replacement animals (Zehetmeier et al. 2014; Bell 

et al. 2015), which was associated with 14.9 kg/d of additional CI over 365 d. The CI achieved 

by cows in this this were consistently above 365 d, especially in cows that had ACL. The 

greater CI and especially CI related RR and RR related to PR resulted in the production of 

considerable amounts of CO2-eq. in the studies included in this thesis. The data from this 

study supports the findings of previous modelling (Garnsworthy, 2004; Bell and Wilson, 2018), 

demonstrating that substantial reduction in CO2-eq. related to lowering the CI and RR could 

be achieved by improvements in CI and RR, potentially by pp resumption of ovarian activity. 

This may be achieved by the continued selective breeding of cows with lower rise to and peak 

milk yields and in the shorter-term by improving pp DMI during the first 14 d pp through the 

management of the early lactation transition period (1 to 3 weeks pp), The inclusion of rumen-

protected choline and dry propylene glycol in cows diets during the pre and pp transitions 

period (Chung et al. 2009) and optimization of diet composition in relation to the average 

requirements of the dairy cows in the feeding group to achieve a high levels of DMI (Fish et 

al. 2012; Llonch et al. 2018; Rumphorst et al. 2022). This period is characterized by regrouping 

of cows and group rearing of calves during early life, which not only improves calf feed intake, 

health and survival (Costa et al. 2015 and 2016) but more importantly increases the resilience 

of dairy cattle to regrouping around parturition (Zhang et al. 2022), which has the potential to 

increase DMI in the first few weeks following partition.  

 

6.7: Outcomes in relation to the objectives of the thesis 

The objectives of this thesis were to use milk P4 concentrations to evaluate the occurrence 

rate of ACL, which occurred in approx. 30 to 44 % of high MY cows. The effect of ACL on the 

fertility was mainly the increase in the PPI to first insemination and conception, with relatively 

low PR being achieved at 130 d pp. This extended the CI and increased RR, these increase 

CO2-eq. partly due to an extended the CI, but mostly due to the effect of RR, which 

substantially increased the number of replacements required and CO2-eq. of milk production.  

 

This thesis looked at relatively high yielding Holstein Friesian dairy cows and compared cows 

that had ACL and TCL in terms of milk yield and FE, which while cows that had ACL in Expt. 

2 had higher MY, however, this study had a limited number of cows and led to existing data 

sets being combined in Experiment 3 and 4. The MY of cows with ACL and TCL did not differ 

in Experiment 3, which contraindicated Expt. 2 and warranted further assessment with another 
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larger data set, which showed that MY tended to be greater in cows that had ACL than TCL 

in Expt. 4. The strength of the R correlation values between ovarian cycle length and fertility, 

FE, and the feed, CI and RR, FPCM, BCSP, pp BCS change, and CO2 eq. showed little clear 

evidence of specific factors that directly related to cycle length. However, in Expt. 2 to 4 the 

assessment of BCS clearly showed that cows calved at industry target BCS and there was 

little pp change in BCS in cows with ACL and TCL and no correlation between cycle length 

and BCS, showing that NEB was not a factor related to ACL. The assessment of plasma NEFA 

and BHB in experiment 4 supported this, while plasma insulin and glucose concentrations 

(Expt. 4) showed no difference between cows with ACL and TCL and little correlation with 

cycle length.  

 

The thesis compared the PPI to conception and related calculated CI, and PR related and 

additional days of CI related RR and need for herd replacements and showed that RR 

increased the CO2 eq. to a greater extent than additional days of CI at 130 d and that PR 

increased and RR reduced at 160 d pp.  The evaluation of ACL and fertility of dairy cows 

showed that CO2-eq. emissions could be lowered by reducing herd RR by increasing PR by 

extending the service period from up to 130 to up to 160 d pp, to increase PR, despite the 

increase in additional days over a CI of 365 d, which had a much lower impact on CO2-eq. 

emissions than low PR.  

 

6.8: Study limitations and difficulties 

Work on dairy cow fertility requires working with large numbers of cows and the collection of 

all the data for this experiment could not be completed within the time and resources available 

during the time available for the completion of a PhD, between 2017 and 2022 especially due 

to the limitations encountered when facilities such as the farm and labs were closed due to 

COVID 19. The collection of milk samples thrice weekly and cost of progesterone 

concentrations remain labour intensive and costly. The application of technological 

developments and precision farming using automated P4 assessment using on farm cow side 

testing may offer the opportunity to evaluate the return to ovarian activity of dairy cows as a 

method of evaluating how cow management, especially early lactation (up to 100 d pp) 

nutrition. The collection and use of individual animal feed intake was essential for the 

evaluation of the factors related to early pp factors associated with early pp fertility and this 

data has to be collected where facilities make this possible.  Changes in the supervisory team 

presented some difficulty during the PhD, however my second main supervisor was familiar 

to me as my previous internal assessor and supported me throughout the completion of this 

PhD following the retirement of my first main supervisor and I would like to thank Dr G Mann 

for the initial PhD opportunity.    
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